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AN ANNULAR U:THIU"DRLFTED G m  DETECTOR 

FOR  STUDYING NUCLEAR F3ACTION GAMMA-FLUS 

By A. J.  Levy, R .  C Ritter and K. Ziock 

Department of Physics 
University of Virginia  

Abstract  

A fabrication  technique  has  been  developed for truly  annular  Ge(Li) 

gamma. detectors .   Featur ing  spask-cut t ing to prec ise ly   cont ro l   the  un- 

damaged  germanium volume, the   de tec tor  i s  capable  of  standard-geometry 

techniques  such as are used  with N a I  detectors .  

I n   t h i s   r e p o r t ,  background mater ia l   re levant   to   the  annular  geometry 

i s  presented. An extremely  expl ic i t ,   detai led  descr ipt ion of the  complete 

fabrication  procedure i s  given,  including  special   cutt ing,  r ad ian t  diffusion,  

and drifting  techniques  developed  here. 

Measured propert ies  of several   detectors  are gresented,  with  the emphasis 

being on the  usefulness of the  detector   for   high  energy gamma ray   spec t ra .  



AN ANNUIAR LITHIUM-DRIFTED GERMANIUM DETECTOR 

FOR STUDYING NUCLEAR REACTION GAMMA-RAYS 

The Lithium-Drifted Germanium de tec tor   represents   the  most  advanced 

s t a g e   i n  a systematic  development  of  semiconductor materials and  devices made 

from them for   the  purpose  of   radiat ion  detect ion.  The semiconductor  detector 

described  herein  has a d is t inc t   s imi la r i ty   to   the   gaseous   ion iza t ion  chamber, 

b u t  i t s  s u p e r i o r i t y   f o r  most appl icat ions i s  notable.  

The higher  density  of  the  semiconductor  material  makes complete  absorp- 

t i o n  of most  charged p a r t i c l e s   c e r t a i n .  The higher  atomic number, e spec ia l ly  

of germanium, coupled  with  several  other  advantages  discussed  below, makes t h e  

solid-state  analogue of t he   i on iza t ion  chamber ex t remely   a t t rac t ive  as a 

de tec tor  of gamma-rays. But i n   t h e  energy  region  where germanium de tec tors  

are most useful  because  of  the  excellent  energy  resolution, i . e . ,  0.3 t o  10 

MeV, they are, a t  present ,   very   inef f ic ien t ,   espec ia l ly  when compared t o   t h e  

l a rge  N a I  s c in t i l l a t i on   c rys t a l .   Th i s   r epor t   p re sen t s   t he   r e su l t s   o f  a pro- 

gram t o  produce  detectors  with greatly improved efficiency,  while  maintaining 

the  features which  have  proved t o   b e  so d e s i r a b l e   i n  a gamma de tec tor .  

Background material w i l l  be  presented as it a p p l i e s   t o  

search  problems.  There a re  several r a t h e r  complete  general 

conductor   radiat ion  detectors   in   pr int  (1 -5) 

A .  Fundamental  Considerations 

1. Charge Production 

the   spec i f i c  re -  

reviews  of semi- 

The conversion  of  the  photon  energy t o  a u s a b l e   e l e c t r i c a l   s i g n a l  

i s  achieved  by  the  transfer  of  energy  to  an  electron,  ei ther  by  the  photo- 

e l e c t r i c  or Compton effects, or by  the  production  of  an  electron-positron pair. 

It i s  p r i m a r i l y  t he  number of electrons  produced  and  collected a t  the  contacts  
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that gives  the germanium lithium-drifted  detector  (abbreviated  herein  according 

to   present   convent ion as Ge(Li) ) its excellent  energy  resolution. The 

energy  required  to  produce one electron-hole pair i n  germanium is E = 2.9 eV 

a t  77OK compared with an average  value  of 30 eV f o r  most gases and 3.6 eV f o r  

s i l icon.   This  means t h a t ,  i f  s t ra ightforward  Poisson  s ta t is t ics  are used, 

the  statistical f luc tua t ions  of t he   s igna l  w i l l  be  approximately l/3 as 

much i n  germanium as i n  gaseous  devices.   In  practice,  a much grea-tier improve- 

ment i s  observed. 

Fano, *om cons idera t ion   of   ion iza t ion   in   gases(6)   p red ic t s   tha t   the  

f luc tua t ion   i n   t he  number of pairs w i l l  be  less  than  that   predicted  by  Poisson 

s t a t i s t i c s .  The y ie ld  of charge  carr iers  is given  by 

N = E/E 

If a variance, N ' ,  is  observed i n   t h e   s i g n a l  produced , then  (excluding ef- 

fec ts   o f   e lec t ronics   no ise)   the  Fano f a c t o r  i s  defined as t h e   r a t i o  of t h e  

var iance   to   the   y ie ld .  

* 

F = N ' / N  

If F were equal to   uni ty ,   then  the  energy loss mechanism t h a t  produces  an 

electron-hole pair would be independent of a l l  o the r   Wi r s  produced.  Because 

the  pairs are formed i n   t h e  last stages of a branching  process  in  the semi- 

conductor  material,  the last of  the  secondary  electrons have  only a few times 

the  energy  necessary  to produce a pair.  There i s  a s t r ingent  boundary  condi- 

t i o n   t o  meet, s ince  the  energy needed t o  form a pair is an  invariant  quantity 

and only   in tegra l  numbers of pairs can   ex is t .  It i s  t h i s  boundary  condition, 

primasily, t h a t   l e a d s   t o  non-random production  of pairs i n   t h e  semiconductor 

and the  ensuing  departure from Poi s son   s t a t i s t i c s .  Van Roo~broeck(~)   p red ic t s ,  
Y 

'The full width a t  ha l f  maximum of  the  observed  peak i s  2.35 times  the  square 
r o o t  of the   var iance .  

3 



' 1  

fYom a mathematical model of  the  branching  process,  a F m o  f a c t o r  of 0.32. 

It is now be l i eved   t ha t   t h i s  number i s  too  high and Fano f a c t o r s  have  been 

measured  from 0.30(8) t o  as low as 0.16"). Mann has  reported a Fano 

factor  of 0.055 - .OO3 f o r  one de tec tor .  + 

As the  number of   e lectron-hole   pairs  produced is  proport ional   to   the 

energy  of  the  incoming par t i t le ,  regardless  of  particle  type,   the  response of 

semiconductor  detectors is  l inear  with  energy. Th.e i n t e g r a l   l i n e a r i t y   h a s  

been shown t o  be   be t te r   than  0.2% from 0.2 t o  8 MeV'"). This   l inear i ty   de-  

pends on complete  collection  of  the  charge  produced. 

2 .  Charge Collection 

In  order  to  take  advantage of the   l a rge  amount of  charge  released 

by a charged  par t ic le  or secondary  electron  from a photon interaction,  proper 

charge  collection must be   r ea l i zed .  The most straightforward method to   ach ieve  

t h i s  i s  t o   a p p l y  a s u f f i c i e n t   e l e c t r i c   f i e l d   t o   a t t r a c t   t h e   f r e e   c h a r g e   l i b e r a t e d  

by  ionizing  radiat ion t o  the  col lect ing  e lectrode.   This  method, which uses 

a block  of  intrinsic  semiconductor  material  referred t o  as a homogeneous bulk  

counter, was the method f irst  t r i e d .  It w a s  partially successful   with  s i l icon,  

but  suffered  the malady tha t   t he   "da rk   cu r ren t " ,   i . e .  , the   current   present  due 

to   thermally  generated  carr iers ,  dominated t h a t  from the   rad ia t ion .  Even with 

t h e   p u r e s t   s i l i c o n   a v a i l a b l e   t h e   d i f f i c u l t i e s  were forbidding. With germanium 

t h e   s i t u a t i o n  is  much worse as the   p robabi l i ty  of generat ing  charge  carr iers  

due to  thermal  energy i s  much greater. Cooling germanium t o  77OK does not 

e l imina te   t he   d i f f i cu l ty .  

The n-p  diode  junction  has  the  property  that  between  the two doped re-  

gions, one r ich   in   doners   (e lec t rons)  and the   o ther   r ich   in   acceptors   (ho les ) ,  

there  i s  a region which i s  depleted  of   carr iers .  With the  diode  junction re- 

versed  biased,  the  width  of  the  depleted  region is  a function of the  appl ied 
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bias voltage.  It .increases as the square  root   of   the   vol tage  in   the  s imple 

junction  counter. 

If t h e   c r y s t a l ,  germanium i n   t h i s   c a s e ,  i s  cooled t o  77OK t h e  free 

caxr ie r   dens i ty   a r i s ing  from  thermal  generation i s  neg l ig ib l e .   In   t h i s  situa- 

t i o n   t h e   a p p l i e d   f i e l d  is  concentrated  within  the  depleted  region  and  in   the 

case  of  planar  geometry  the  field is uniform. The e f f e c t i v e  volume of the 

.detector i s  therefore   only  the volume of the  deplet ion  region.  One of   the 

most fundamenta l   d i f f icu l t ies   in   ach iev ing   the  optimum energy  resolution, 

arises in  the  process  of  collecting  the  charged  produced.  There  are  several 

causes of incomplete  charge  collection,  but  for  the  case of gamma-produced 

secondary  electrons,   there i s  one which far exceeds a l l  others i n  importance. 

With gammas incident  on the  crystal ,   the   charge i s  created  throughout  the 

detector  volume and the  e lectron or hole may have t o   t r a v e r s e  a l l  possible 

values of the  depletion  width,   d.   This  alone would not  cause  serious d i f f i -  

cu l ty  i f  it were not   for   the  presence of trapping or recombination  centers. 

These centers are t h e  most important impedance t o  complete  charge  collection. 

All samples  of germanium have these  centers ,  and they   r e su l t  from e i t h e r  i m -  

p u r i t i e s ,  or crystal   imperfect ions.  They may e i t h e r   s c a t t e r  a c a r r i e r  or de- 

t a i n  it, thus  increasing  the  probability  for  recombination w i t h  a c a r r i e r  of 

opposite  type. If we assign to   t he   e l ec t rons  a most probable   t raversal  be- 

fore  being  trapped , ca l l ed   t he  drift length,  & and to   t he   ho le s  a d r i f t  

length,  1 w e  can  then examine the  effect   of   t rapping on the  energy  resolu- 

t i o n  of the  detector(12’.  
P’ 

The ca lcu la t ions   fo r   t h i s   e f f ec t  have  been  caxried  out  by  Northrop and 

Simps on (w, with  the  fol lowing  resul ts  : The average  charge  collected,  whether 

t h e  sum of  the drift  lengths   for   e lec t rons  and holes i s  greater o r  less than 

the  deplet ion  width is, 
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and the   var iance   in   the  signal i s  given  by 

where for   the   case  .f? + R, < d 
n P  

and for   the   case  jn + .4? > d 
P 

I n   t h e  second  case,  the  electrons and holes  are  both  collected.  It is  

now poss ib l e   t o   p lo t   t he   r e so lu t ion  of the  detector  as a function  of  the 

electron and hole  drift length and t h e   s i z e  of the  detector.   This  has  been 

done and i s  shown in   'F igwe 1. The r e l a t i v e  RMS spread is  p l o t t e d   i n   t h r e e  

dimensions. It i s  observed that   the   funct ion  has   zeroes  a t  1 = 1 = 0 and 

1 = 1 = d. The former  zero  corresponds  to  zero  charge  collected and is 

hardly  meaningful. The latter corresponds t o  complete  charge  collection  regard- 

less of   the  entry  point  of the  incident   radiat ion,  as might  have  been  expected. 

The area of most i n t e r e s t  is  where the  two r e l a t i v e  d r i f t  l engths   a re  

equa l   t o  0.4. It can  be  seen  from  Figure  2,  (the  cross  section of the  resolu-  

t ion   func t ion  a t  L, = 1 ), t ha t   fo r   va lues  of 1 = 1 less than  this   value,  
P P n  

an   increase   in   the   f ie ld   s t rength ,  which w i l l  of course  increase 1 and ln, 

the   reso lu t ion  becomes worse  even  though the   to ta l   ckarge   co l lec ted   increases .  

Also it is clear   that   for   any  value of 1 the  smallest energy  spread  occurs 

when ln = 1.. As the  l inear  dimensions of the   de tec tor  become grea te r ,  it 

becomes necessary t o  i nc rease   t he   f i e ld   s t r eng th  s o  t h a t   t h e   d r i f t   l e n g t h  is  

P n  

P n  

P 

P' 

P 
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Figure 1.  Resolution of a semiconductor detector 
vs. charge collection  efficiency. After 
Northrop and Simpson(l2). 

1.0- 
I U  
\ 

0 0.2 0-4 0.6  0.8 
In /d  

Figure 2 .  Charge collection  efficiency and 
resolution VS. electron  collection  efficiency. 
After Northrop and Simpson(12). 
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a maximum value  consis tent   with  the  condi t ions for minimum resolut ion.   This  

can only be done as long as the  electrons  remain  in  thermal  equilibrium  with 

t h e   c r y s t a l   l a t t i c e  . It i s  t h i s   c r i t e r i o n   t h a t  will ult imately l i m i t  t h e  (12) 

s i z e   t h a t   c a n   b e   a t t a i n e d .  

According t o  Shockley(14),  the maximum drift ve loc i ty   tha t   can   be   a t ta ined  

before  thermal  noise  begins  to  increase  appreciably i s  the   ve loc i ty  of  sound 

i n   t h e   c r y s t a l .  Also it i s  worthy t o   n o t e   t h a t   t h e  drift veloci ty   decreases  

when t h e   f i e l d   s t r e n g t h  i s  made too  high.   Since  this   value is  above 1000V/cm 

i n  germanium, there  are more impor tan t   e f fec ts   tha t  l i m i t  the   appl ied   f ie ld .  

This will be  discussed as a pas t  of the  operating  procedure of the  l i thium- 

drift de tec tor .  

A var ia t ion  of   resolut ion  with  the dr i f t  length  of  the  charge  carriers 

arises from t h e   f a c t   t h a t   t h e  drift mobil i t ies   of   the   holes  and electrons have 

d i f f e r e n t  dependences  on the  crystal   temperature .   Variat ion  with  the  actual  

impur i ty   concent ra t ion   in   the   par t icu lar  germanium sample  used is a l s o  ob- 

served.  This  leads  to a variation  with  temperature of the  resolut ion  besides  

the  expected  effects   of   the   reduct ion of thermal  energy (which  always i s  mono- 

tonic  decreasing  with a reduction of crystal   temperature) .   Since  the optimum 

resolution  occurs when the  hole  and electron drift lengths are equal, it is  

to   be   expec ted   tha t   there  w i l l  be   s eve ra l   l oca l  minima in   t he   r e so lu t ion  as 

the  temperature is  decreased, and an  absolute minimum  when the  thermal  energy 

i s  w e l l  below t h a t  needed to   exc i te   an   e lec t ron   in to   the   conduct ion  band. As 

temperature is fur ther   lowered,   the   resolut ion w i l l  change as is  dictated  by 

t h e   r e l a t i v e   v a r i a t i o n  of & and 1 . 
P 

Tavendale  has shown(5) tha t   t he   r e so lu t ion  changes  very l i t t l e  below 16ooK, 

bu t   there  is  a broad minimum in  resolut ion  occurr ing  in   the  region of TO0 t o  

80°K. This i n d i c a t e s   t h a t   i n   t h i s   r e g i o n  for c r y s t a l l i n e   f i e l d   t h e   h o l e  and 
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electron drift lengths are equal; a for tu i tous   s i tua t ion   indeed ,   s ince   th i s  

is a singular ly   easy temperature to  maintain.  For one  sample  of germanium an 

absolute  minimum has  been  observed  several  degrees  above  liquid  nitrogen 

temperature . * 

However t h e   s i t u a t i o n   h a s   o n l y   b e e n   s t u d i e d   i n   d e t a i l   f o r   c r y s t a l l i n e  

e l e c t r i c   f i e l d s .  It i s  the  purpose of t h i s   p a r t  of t h e   r e p o r t   t o   d e s c r i b e  a 

germanium d e t e c t o r   i n  which t h e   f i e l d  is  r ad ia l   ( cy l ind r i ca l ) .   S ince   t he  

electrons are always t ravers ing  a decreas ing   f ie ld ,  and the  holes always 

traverse an   increas ing   f ie ld ,  it i s  n o t   s u f f i c i e n t   t o  assume t h a t   t h e  same 

condi t ions  for  minimum resolut ion w i l l  p r eva i l   fo r  a r a d i a l   f i e l d .  Due t o  

the  extreme  diff icul ty  of control l ing  temperatures   accurately  in   the  region 

of 50' t o  100°K, this  study  has  not  been  undertaken as part of the  current  

work being  reported  here ,   but  is  worthy  of  consideration  in  future  research. 

As w i l l  be  shown later,  t he   p r inc ipa l   cy l ind r i ca l   de t ec to r  used i n   t h e  measure- 

ments descr ibed  in   the second past of the   r epor t  was operated  under  conditions 

f o r  which the  charge  collection was invar ian t   wi th   f ie ld   s t rength ,   ind ica t ing  

t h a t   t h e  drift length of both  holes and electrons w a s  greater  than  the radial 

width  of  the  depletion  region. 

/ 

B. The Lithium-Drift   Principle 

The diode  junction  counter mentioned  above is  near ly   useless  for the  

detection  of gamma-rays, s ince  the  depth  that   can be produced  by  maximizing 

the bias vo l t age ,   i n   t he   bes t  material available, is  of the  order  of 1 m i l l i -  

meter. (Beyond a ce r t a in   e l ec t r i c , f i e ld   s t r eng th   t he   conduc t ion   e l ec t ron   can  

no longer  transfer  the  accumulated  energy  between  collisions.  Shockley (12,151 

ca l l s   these   car r ie rs   "hot   e lec t rons"  and shows tha t   the   no ise   increases   very  

r a p i d l y   w i t h   e l e c t r i c   f i e l d  at t h i s   p i n t . )  

* 
I. Fowler, Pr iva te  Communication, March 3, 1966. 
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It i s  therefore   necessaxy  to   increase  the  act ive  depth of the  counter  by 

other means than   h igh   f ie lds .  

Whereas t h e  homogeneous counter  at tempts  to  provide a t o t a l l y   i n t r i n s i c  

or "i" region   for   de tec t ion ,  it fai ls  in   t he   r e spec t   t ha t   donor s  can not  be 

eliminated *om t h e  material that injects   e lectrons  into  the  conduct ion band, 

and acceptors  are  ever-present,   detaining  electrons and increasing  the  proba- 

b i l i t y  of recombination. The equivalent  effects  regaxding  holes  presented 

e q u a l   d i f f i c u l t i e s .  A r e su l t   o f   t hese   e f f ec t s  is  the  unavoidable  generation 

of  excessive  noise  currents. The G e ( L i )  represents  a hybridizat ion of the  

homogeneous type "i" counter,  with  the  n-p  junction  counter. 

The n- i -p   s t ruc ture  i s  most nearly  an  analogue of the   ion iza t ion  chamber, 

wi th   the  n and p layers  serving as the  e lectrode  contacts  (16-18) 

For the   de t ec to r   t o   exh ib i t  optimum cha rac t e r i s t i c s ,   t he   i n t r in s i c   r eg ion  

must be as free of  donor or acceptor si tes as possible.   This i s  not accom- 

pl ished  by  ref ining  the  basic  material to   reduce   the   impur i t ies ,  and a method 

to   r ende r   t hese   s i t e s   i ne f f ec t ive  as acceptors or donors  must  be  employed. 

If material i s  used that  has  an  excess of acceptors  (called "p" type) it 

becomes e f f i c i e n t   t o   u s e  a method of compensating these   impur i ty   s i tes   by  a 

method cal led  l i thium  d.r i f t ing(l9) .  A t  room temperature  lithium is  r e l a t i v e l y  

mobile i n  germanium and is  a b l e   t o  form an  ion  pair   with  the  acceptor  impurity.  

This  ion pair has a much smaller e l ec t r i c   f i e ld   t han   e i the r   t he   accep to r  s i t e  

or the  l i thium  ion  alone,  hence  the  acceptor  si te is  ef fec t ive ly  removed as 

a s c a t t e r e r  of c a r r i e r s  by i ts  e lec t r ic   f ie ld .   Fur thermore ,   the   l i th ium donor 

and acceptor are, i n   e f f e c t ,  removed from the  band gap and the i r   cont r ibu t ion  

to   t r app ing  and recombination i s  markedly  reduced. When the   de tec tor  is  cooled 

to operating  temperature,  around 77OK, the   l i th ium becomes immobile (for a l l  

practical   purposes)  thereby  creating a s t ab le   r eg ion  whose apparent  properties 

10 



I -  

are very near ly .  those   o f   in t r ins ic  material with a negligible  concentration 

of  acceptors. 

1. Introduct ion  of   the  Li thium  to   the Germanium 

The l i thium is  usually  introduced  into the germanium i n   t h e  form 

of a supersaturated  solut ion  by f irst  coat ing  the  surface  of   the germanium and 

then   d i f fus ing   the  lithium at a high  temperature  for a shor t  time. The i n i t i a l  

. l i t h ium  d i s t r ibu t ion  produced i n   t h i s  way is  described  by 
* 

where N i s  the donor  concentration a t  a distance,  x, from the  surface and 

N is  the  donor concentration at the  surface.  D and t are   the   d i f fus ion  

constant  and  diffusion time respect ively.  The in i t ia l   acceptor   concent ra t ion  

is  uniform  and  can  be  calculated  by  the  expression 

D 

0 

with q = 4.8 x 10-l' esu, R = 9.5 ohm-cm, and = 1800 cm -V-se%N = 3.7 x 

1014 per cm3. The d i s t r i b u t i o n   f o r   t h i s   c a s e  is  p lo t ted   in   F igure  3. The 

resu l tan t   car r ie r   concent ra t ion   in   the   reg ion  of .58 mm is very  nearly  zero, 

being  populated  by  equal amounts  of donors and acceptors.  To t h e  left ,  i . e . ,  

towaxds the  surface,   the  donor  concentration  due t o   t h e   l i t h i u m  rises very 

quick7y and because  of   this   the   sheet   res is tance  of   the  diffused  surface is 

very low. 

2 
a 

At depths greater than 0.58 mm, the  concentration is la rge ly  due t o  the  

in i t ia l   acceptor   dens i ty ,   be ing   re la t ive ly   unaf fec ted   by   the   d i f fus ion .  The 

crossover  point i s  of   considerable   interest .  If a p o t e n t i a l  i s  applied  across 

* 
C a r s l a w  and Jaeger,  Conduction of Heat in   Sol ids ,  Oxford University Press, 
(1.9591, P. 60. 
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Figure 3. Acceptor and Donor concentration vs. depth; 
following  lithium diffusion into  germanium. 
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the c r y s t a l  after t h e   d i f f u s i o n ,   t h e   e l e c t r i c   f i e l d  w i l l  be   appl ied  a lmost   in  

i ts  e n t i r e t y  a t  th i s   po in t   ca l led   the   junc t ion  . ' I  

2. Lithium i n  Germanium Solution 

Unfortunately,  lithium is r e l a t i v e l y   i n s o l u b l e   i n  germanium. 

The sol-ubili ty  of  l i thium  in germanium is roughly  exponential  with temperature (20 ) .  

Tne equilibrium  concentration  of  lithium at  425OC i s  about 6000 times t h a t  at 

t h e  temperature normal ly   used   for   d r i f t ing ,   resu l t ing   in  a supersaturated 

solution(20).  It i s  inevi tab le   tha t   the   l i th ium  in   such  a condition w i l l  pre- 

c i p i t a t e .  The seriousness of t h e   s i t u a t i o n  will i n   gene ra l  depend on the  

time taken   to  fa l l  below the  concentration needed t o  fully compensate the 

in i t i a l   accep to r   dens i ty .  The l i thium loss as a f u m t i o n  of t i m e  has  been 

measured by  several   authors (20-22), and it appears   that   wi thin three hours 

after the  diffusion  the  l i thium  concentrat ion w i l l  fal l  t o  about l$ of its 

i n i t i a l   v a l u e .  A measure of  the  seriousness is  the   ne t   ca r r i e r   dens i ty   i n  

t he   r eg ion   t ha t  is depleted.  Measurements  have shown ( 2 3 )  t h a t  well-compensated 

material with a net  acceptor  density  of  appoximately lO"/cc w i l l  exhibi t   an 

increase of two orders of magnitude in   acceptor   dens i ty   in   the  f i r s t  100 hours 

a t  room temperature. It is c e r t a i n   t h a t   t h e   p r e c i p i t a t i o n  of  l i thium is  

d i r e c t l y   r e l a t e d   t o   t h e   m o b i l i t y ,  as the   l i th ium w i l l  have a tendency t o  pre- 

c i p i t a t e  at nucleation  centers  of  several   types and must therefore  move  *om 

a somewhat homogeneous d i s t r i b u t i o n   t o  a d i s t r i b u t i o n  of agglomerates . 
By reducing  the  mobili ty of the  l i thium  ion,  primarily by r e s t r i c t i n g   t h e  temp- 

erature, the   p rec ip i ta t ion  is  v i r t u a l l y  checked at 77OK. This i s  of course 

an automatic outcome  of operation a t  minimum noise,   but  during  the drift pro- 

cess ,   to   be  descr ibed  in   the  next   sect ion,   the   temperature  is  necessasily 

elevated  to  encourage  high  mobili ty.  

(21) 

There are two methods i n   c u r r e n t   u s e   t o   r e s t o r e   t h e   o r i g i n a l   l i t h i u m  

13 
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concentration. The first is  simply to   rehea t   thereby   red isso lv ing   the  

agglomerate  lithium and to   cont inue   the  drift from there .  The other method 

is a straightforward  elimination  of  those  nucleation sites a t  which t h e  

l i thium  tends  to  condense.  Copper i s  hown t o  have a much h igher   mobi l i ty   in  

germanium than  l i thium (24). Therefore, i f  copper i s  pre-diffused on the   ger -  

manium t o  make a supersaturated  copper  solution,  then upon cooling,  the  copper,  

y i t h  i t s  higher   mobil i ty ,   preferent ia l ly  seeks out   the  nucleat ion sites and 

b l o c k s   t h e   l o c a l   g r a d i e n t s   t h a t   a t t r a c t   t h e   l i t h i u m   t o   t h e s e   c a t a l y s t s .  The 

copper apparently  has no f u r t h e r   e f f e c t  on the  d r i f t  process(25).  Other 

materials such as n icke l   have   been   t r ied   in   an   a t tempt   to   ach ieve   the  same 

effect   wi th   uncertain  success  . It i s  the  opinion  of   the  authors   that   the  

pedi f fus ion   has   no t  shown itself t o   b e  worthy of t h e   d i f f i c u l t y  it e n t a i l s .  

Redissolving  the  l i thium will, of  course,   increase  the  possibi l i ty  of introduc- 

ing  impurit ies as w e l l  ( 2 6 ) .  If t h e   i n i t i a l  material is  of   suf f ic ien t ly   h igh  

qua l i ty ,   red i f fus ion  or copper  diffusion  should  not  be  necessary as prec ip i ta -  

t i o n  will be no problem. 

* 

3. The Drift Process 

a.  Pr inciples  

The object   of   the   dr i f t ing  process ,   previously  explained,  is 

t o  induce  l i thium  to  impurity sites so t h a t  it forms  ionic bonds  and compen- 

sates. Whereas l i thium is  a la rge  atom, it i s  a small ion and  under t h e   i n -  

f l uence   o f   an   app l i ed   e l ec t r i c   f i e ld  it r e a d i l y  moves i n t e r s t i t i a l l y   t h r o u g h  

the germanium l a t t i c e .  When it i s  a t t r ac t ed   t o ,  and  bonds with  the  acceptor 

s i te ,  it loses  i t s  a b i l i t y   t o  respond t o   t h e   e l e c t r i c   f i e l d   i n   t h i s  manner. 

It can be shown tha t   the   resu l t ing   d i s t r ibu t ion   f rom  such  a s i t u a t i o n  is  a 

* 
G. Deaxnaley, Pr iva te  Communication, March 31, 1965. 
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stable one  and will r e su l t   i n   t he   l i t h ium  be ing   imp lan ted   i n   such  a way as t o  

make t h e  material tha t   can  be reached i n  any  given t i m e  appear t o   b e   i n t r i n s i c .  

Pe&9) has shown t h a t  after the   t rans ien ts   o f   the  problem  have  disappeared, 

the width  of  the  lithium-compensated  region w i l l  vary as 

W = T/2pVt/RT" 

i n  a c r y s t a l l i n e   f i e l d  

where 

W = dep th   o f   d r i f t  t = time 

p = mobility  of L i  k = Boltzmann's  const. 

V = applied  voltage T = Absolute  temperature 

Several  convenient nomographs have  been  prepaxed  which f a c i l i t a t e   d e p t h  

estimates (27) .  

Unfor tuna te ly ,   the   in te rs t i t i a l   l i th ium  per forms  the  compensation s o  ef- 

f e c t i v e l y   t h a t  it has  the  tendency  to compensate the  average  charge  density 

t h a t  i s  presen-t;  due to  leakage  current from the  reversed  biased  diode. The 

current,  which  can be as much as 40mA/cm2 during a rapid d r i f t ,  can  cause  the 

crystal   to   be  ser iously  overcompensated.  When t h e   c r y s t a l  i s  cooled and t h e  

l i thium is no longer free t o  move it is f r o z e n   i n   t h i s  overcompensated s t a t e  

and may produce  an  intolerable  bulk  leakage  current  during  operation. The 

re la t ion   for   l i th ium  d is t r ibu t ion   genera ted   by   such   condi t ions  is der ived  in  

t h e  Appendix for   planar  and cy l indr ica l  geometry. 

I n  order   to   reduce  this   overcompensat ion  to  a t o l e r a b l e   l e v e l  (it can 

not  be  completely  eliminated) a post  "cleanup" drift is  of ten  carr ied  out .  

There are several   techniques  to  accomplish  this,  and t h e  most important of 

these w i l l  be descr ibed   in   the   sec t ion   re la t ing   the   fabr ica t ion   techniques  

used i n   t h i s  work. 

15 



b .   Cy l ind r i ca l  Drift 

The most  obvious d i f f i c u l t y   i n   f a b r i c a t i n g  a large volume 

diode i s  t o  drift  a depth  deeper  than 1 cm. Ei ther  enormous amounts of power 

must be   app l i ed   t o  a temperature-regulated  crystal  or t h e   d r i f t  must be  ex- 

tended  for   several  weeks. The disadvantage of extending  the d r i f t  time beyond 

two t o   f o u r  weeks i s  tha t   p rec ip i t a t ion  of the   l i th ium w i l l  become a ser ious 

problem.  Furthermore, when the  depleted  region is extended t o  a depth greater 

than,  say, 1 cm, t h e  problem  of  complete  charge  collection becomes important. 

Extending  the area of the  diode  in   order   to   increase  the  act ive volume can 

only  be done a t  the  expense of increasing  the  junction edge a rea .  As  the  junc- 

t i o n  edge is t h e  most vulnerable   surface  to   contaminat ion,   th is  is not  an 

i d e a l  manner i n  which t o  expand the  volume (28)*. Furthermore,   carried  out  to 

any extent ,  it resu l t s   i n   unga in ly  shaped detectors .  

Many of the  above  problems a r e  less ser ious i f  the  diode is made i n   t h e  

form  of  an  annular  cylinder.  Three  such  cylinders were made as par t  of t h i s  

research  project  with  dimensions 1 inch  diameter by 1 inch  long  with a 3/16 

inch  hole  bored  through  the axis. The l i thium-n  surface was made the  outer 

curved  surface and the  gal l ium doped germanium-p contact was made to   t he   i nne r  

curved surface.  me junct ion "edges"  were t h e  two annuli  on the  cyl inders '  

ends. The fabr ica t ion  methods for   such  detectors  w i l l  be discussed  in   the 

next  section. 

The advantages  of  this  geometrical form are numerous. The most obvious 

improvement of  such a geometry  over  the  planas is t h a t   i n   t h e  same d r i f t  time 

to compensate a given  depth  with  the  planar  geometry,  the  cylindrical geometry 

poduces,   wi th  a comparable  depth, a v i r tua l ly   un l imi ted  volume, merely  by 

* 
A guard  r ing  s t ructure   can  be used t o  reduce  noise  from edge leakage 
current .   See  a lso (29). 
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extending  the  length.  The o n l y   l i m i t i n g   f a c t o r   i n   t h i s   r e s p e c t   a p p e a r s   t o   b e  

the  uniformity  of   avai lable   crystals .  The c rys ta l s  that are cur ren t ly   ava i l -  

able have a forbidding  nonuniformity  over a length of roughly 20 cm. As t h e  

volume i s  increased  by  lengthening  the  cylinder,   the  junction geometry re- 

mains  unchanged. The junction edge area is likewise unchanged, so t h a t   t h e  

leakage  current   across   this   junct ion  surface would not  be  expected t o  change. 

Any method tha t   increases  volume would be a great s a c r i f i c e  if it did 

n o t   r e s u l t   i n   a n  easily measurable and calculable  geometry.  Furthermore, t h e  

geometry should  be  easily  reproducible so tha t   ca l ib ra t ions  made f o r  one series 

of  detectors  could be applied  with l i t t l e  or no modif icat ion  to   any  other  set .  

The annular  geometry is  convenient t o  such  standardization,  but no other  pro- 

posed or produced detector  satisfies th i s   impor t an t   c r i t e r ion .  
* 

The axial   hole   provides  an added feature b e s i d e s   t h e   u t i l i t y  of a center  

contact;   the dead material t h a t  would only   se rve   to   sca t te r  Compton electrons 

in to   t he   ac t ive   r eg ion  i s  missing, and s o  t h e  Compton background is reduced. 

It i s  known tha t   mater ia l   defec ts   in   the   form of dis locat ions  can  act  as 

nuclea t ion   cen ters   for   l i th ium,   thereby   adverse ly   a f fec t ing   the   d r i f t ing   p ro-  

cess   in   those  areas (34,35).  Furthermore,  the  mobility of l i thium seems t o   b e  

appreciably greater in   those   reg ions   tha t   exhib i t   h igh   d i s loca t ion   counts .  

If t h e  drift d i r e c t i o n  were i n   t h e  same di rec t ion  as "grain" produced  by  such 

ribbons of damage, t hen   t he   d i f f i cu l ty  b o r n  as "punch-thru" is prone t o  

* 
"Coaxial"  detectors  have  been produced a t  o ther   l abora tor ies   by   d r i f t ing  from 
f i v e  sides of a piece  of a germanium(27,30-33). Th i s   r e su l t s   i n  a very  large 
volume detector,   with  published volumes  up t o  45 cm3. The s e r i o u s   d i f f i c u l t y  
presented  by  this method of d r i f t i n g  is tha t   the   shape  of t he   ac t ive  volume 
is  highly irregular and   ve ry   d i f f i cu l t   t o  measure. The wide v a r i a t i o n   i n  
co l lec t ion  f i e l d  and the  resul t ing  var ia t ion  in   pulse   shape,  make it unsui t -  
able  for fast timing  experiments. 
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occur . Measurements made by a major  producer of germanium convincingly 

ind ica te  that the   g ra in  of the   d i s loca t ions  is i n   t h e   d i r e c t i o n  of c r y s t a l  

length and is  concentrated  strongly a t  the   cen ter  and a t  the   c rys t a l   edges .  

Figure 4 shows a d is loca t ion  mapping  of one of t h e   c r y s t a l s  as prepared  by 

the   supp l i e r .  It i s  qu i t e   c l ea r   t ha t   t he   cen te r   l oca t ion  “5“ consis tent ly  

has   the  greatest   d is locat ions of t he   c ros s   s ec t iona l   a r ea .  A,,B,C,D refer t o  

four   cu t   sur faces  of the   ingot .  

* * 

I n   t h e   c y l i n d r i c a l  geometry t h e   d r i f t  i s  perpendicular   to   these  r ibbons 

of  dislocations,  and furthermore,   the  largest   concentration  of  dislocations,  

a t  the  center ,  are removed as the   cen t r a l   co re .  

C . Fabrication  Techniques 

During the  f e w  years   tha t   l i th ium-dr i f ted  germanium detectors  have  been 

made, there  has  evolved  an enormous a r ray  of taboos, some with merit and some 

perpetrated  through  ignorance. It i s  hoped t h a t   t h e  number of unexplained 

schemes can  be  reduced in   the  fol lowing  discussion,   a l though a l l  of  them can- 

not  be  eliminated. It is  fo r   t h i s   r ea son  that the   fabr ica t ion  of Ge(Li )  

detectors  must a t  t h i s  time be   r e fe r r ed   t o  as an art. 

1. Summary of Fabrication  Procedure 

The cylinders are cu t  *om the  standard  Sylvania #4 ingots , allow- 

ing  a m a x i m u m  outside  diameter  of one inch, as is  shown in   F igu re  5.  The s h e l l  

l e f t  after the  cored  cylinder  has  been removed i s  shown next   to   the  cyl inder .  

All the   de tec tors  made t o   d a t e  have  had 3/16” diameter  holes  cut  concentric 

with  the  outer  wall. 

* 
H 

G. Deasnaley,  Private Communication, March 31, 1965. 
Sylvania, Towanda, Perm.;  measurements made by P. Stermer,   Private Communica- 
t ion .  
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Figure 4. Dislocation mapping of a cross section from 
a germanium ingot (Sylvania, Towanda, Penn.). 
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Figure 5. The coaxial  annulus i s  spark cu t  from the standard  Sylvania #4 ingot.  The two concentric cuts 
leave a s h e l l  as shown on t h e  l e f t  and a core shown  on t h e   r i g h t .  



The forming of the annular  shape  from the germanium ingot  is  done  by 
* 

spaxk c u t t i n g  . We in i t ia ted   the   appl ica t ion   of  spaxk cut t ing   in   de tec tor  

fabrication  because damage t o   t h e  germanium c r y s t a l  i s  s l i g h t  as contrasted 

with  that   caused by grinding and polishing . The fjrst fou r  c r y s t a l s  were 

cut   by  Sylvania   with  only  the  center   hole   spark  cut .  We now spark cut  all 

w 

"E 

the   surfaces   ourselves .  "he c u t t i n g  of the  inner  and outer   cy l indr ica l  sur- 

faces  is  shown i n   F i g u r e  6. The c u t t i n g   t o o l  i s  a molybdenum tube, one inch 

diameter   for   the  outer   cut  as shown  on t h e   r i g h t  and 3/16" diameter   for   the 

inner as shown on t h e  l e f t .  We found tha t   the   cu t t ing   speed  is  increased if 

the  tubes are ro ta ted  a t  appoximately 150 r.p.m.  during  the  cutting. (A 

continuously moving w i r e  spa rk   s l i ce r  i s  used t o  t r i m  t h e  f l a t  surfaces,  which 

axe  the  junction  edges,  after l i thium  diffusion.)  

The l i thium is  then  evaporated on the  outer  surface and d r i f t e d   r a d i a l l y  

toward the   inner   cy l indr ica l   sur face .  A s  a r e s u l t  of t h i s  method we obtain 

an  annular   intr insic   region whose length is w e l l  known and whose thickness  can 

be  determined by capacitance measurement or copper  staining. The detector  

has a re la t ive ly   l a rge ,   wel l   def ined   sens i t ive  volume with l i t t l e  dead  volume. 

2 .  General  Prepaxation 

Cleanliness i s  perhaps  the most important  rule,  and any  dust or 

condensable  vapor t h a t  might  contaminate  the  surfaces,  especially  the  junction 

surface,  should  be  avoided. This becomes increasingly more important   as   the 

detector   nears   the la t ter  s tages  of completion.  Soldering  should  not be 

* 
The spark   cu t t ing  machine is commercially made by Metals Research  Ltd., 
Cambridge, England. 

J.  W. Mitchel l ,   Pr ivate  Communication. 

Sylvania  Electric  Products,   Inc. ,  Towanda, Pennsylvania. 
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Figure 6. The annulus i s  spark cut   us ing  molybdenum tubular   too ls .  The inner (3/1.6 inch   d imeter )   ho le  
i s  partially c u t  a t  le f t ;  the other (1 inch diameter) at l e f t .  The tool i s  ro ta ted  a t  150 r .p.m. while 
cu t t ing .  



cas r i ed   ou t   i n   t he  same room i n  which the  detectors  axe made, a t  least f o r  a 

couple of   days  before   the  crystal  is  t o   b e  exposed. Sinoking should be avoided 

i n   t h e  room i n  which the   de t ec to r s  axe t o   b e  made. There are many other con- 

densable  vapors  that  w i l l  be d i f f i c u l t   t o  remove and any  heavy  vapor  should 

be  avoided i f  i t s  nature is  unknown. 

All chemicals  should be the  purest   obtainable,   especially  those  used 

fo r   t he   e t ch .  The chemicals  used i n   t h i s  work w i l l  be  indicated when i n t r o -  

duced. The chemicals  that   axe  to  be  given  the most a t t en t ion   a r e   t hose   t ha t  

are used i n   t h e   f i n a l  states. They are: 

Methyl  Alcohol: The methyl  used in   th i s   exper imenta l  work w a s  Fisher 99.9 

Mol% Pure (A-936). It does  not  cost much more than   the   u t i l i ty   methyl  and 

r e l i e v e s   t h i s   s o l v e n t ,  which is used commonly, from suspicion of contamination. 

In   genera l   E thyl  i s  not a good subs t i tu te   for   Methyl   s ince  i ts  pur i ty  i s  

hardly  ever stated. 

D i s t i l l e d  Water: The water  used f o r  t h e  washes  and i n  mixing acids  should 

have a r e s i s t i v i t y   g r e a t e r   t h a n  1 megohm-em. This  corresponds t o  an  impurity 

Concentration of less than 1 part i n  10 mill ion  of  ionizable sal ts .  This will 

not   be  real izable   unless   the water is deionized and demineralized  just   prior 

to  use.   This  can  easily  be  accomplished by using  an  ion-exchange r e s i n  type 

of demineralizer and us ing   th i s   water   d i rec t ly   wi thout   s torage   for   the   f ina l  

r i n s e s  . 
Chemical Polishing: The most su i t ab le   e t ch   fo r  germanium i s  CP4 (36-38) 

which i s  prepaxed as follows : 

2 volumes conc. n i t r i c   a c i d  (A200 Fisher )  70% 

1 volume Glacial   Acet ic  Acid 

1 volume 48% HF (A-147) 

This should be mixed in  clean  polyethylene  appaxatus and  allowed t o   s t a n d   f o r  

23 



30 minutes  before  use. A new batch  should  be mixed for  each  days  use. If 

e tch   p i t s   appear  when t h e  specimen is  etched,  then it may be  necessary  to  sub- 

s t i t u t e  Fuming N i t r i c  Acid fo r   t he   N i t r i c   spec i f i ed .   F i she r  A-202 has  been 

used fo r   t h i s   pu rpose  (90%). Polyethlene  gloves are recommended when handling 

these  acids .  

3. Detailed  Fabrication  Procedure 

a. I n i t i a l   C l e a n i n g  

The sample t h a t  i s  to   be   d i f fused  and drifted  should  be  ab- 

so lu te ly  free of surface  contaminents at the  very  beginning so t h a t   i n   t h e  

in i t i a l   d i f fus ion   t hese   impur i t i e s  do not   pene t ra te   the   sur face  and cause de-  

le ter ious  reverse-bias   chasacter is t ics  when the  drift i s  in i t ia ted .   This   can  

best   be  carried  out  by: 

1. Immersion i n  Chromic Acid (made by  saturat ing  concentrated  sulfur ic  

acid  with sodium dichromate)  to remove organic  impurit ies.  The use 

of  an  ultrasonic  vibrator w i l l  be of great he lp   to   loosen  caked 

mater ia l  . 
2 .  R inse   w i th   d i s t i l l ed  water. 

3. Immerse in   ho t   concent ra ted   n i t r ic   ac id   for  5 minutes. Use u l t rasonic  

v ibra tor .  

4. Rinse  with  deionized water. NOTE: (whenever germanium is i n   a c i d  

and i s  t o  be removed, the  acid  should  be  repeatedly  diluted and de- 

can ted   un t i l   t he  germanium i s  in   near ly   pure water, and  then  trans- 

f e r r e d   t o  a clean  beaker  with fYesh w a t e r .  Never br ing  a germanium 

su r face   d i r ec t ly  from an ac id   i n to  air contact .  

5 .  Etch i n  CP4 u n t i l  tk surface  of  the  crystal   appears  uniformly  clean. 

It is . important   to   keep  the  acid  swishing  constant ly   during a l l  etches 

24 



so tha t   the   bubbles  do not   insulate   the  surface From the   e t ch .  Do 

not   use  the  ul t rasonic   vibrator ,   in   general ,   dur ing  e tches  as t h i s  

appears   to   acce le ra te   the   format ion   of   p i t s .  

6. Dilute  and d e c a n t   u n t i l   t h e   c r y s t a l  can be removed from the   e tch  

and t r ans fe r r ed   t o  a clean  beaker  and wash severa l  times wi th   f resh  

deionized  water. A separate beaker  should  be set  a s i d e   f o r   t h i s  

f i n a l  wash and used f o r  no other  purpose. 

7. Dip t h e   c r y s t a l   i n t o   m e t h y l  and  place  onto  clean f i l t e r  paper t o   d r y .  

Drying may be  accelerated  by  playing a stream of  clean  dry  nitrogen 

on it. 

b. Lithium  Diffusion 
* 

It was suggested  that   the  cleanest  way to   apply  the  l i thium 

t o   t h e   s u r f a c e  of the  germanium i s  to   evapora te   in  vacuum. This is preferred 

t o   t h e  method of painting  the  l i thium-in-oil   suspension as it el iminates   the 

problem  of  disposing of the   o i l   o r   kerosene .  The l i thium used here is  reac tor  

grade purchased  from  Foote i n  1 pound ingots .  It i s  s to red   i n  a vacuum 

dess ica tor   wi th   s i l i ca   ge l ,   the   dess ica tor   be ing   kept   in  a glove box f i l l e d  

-x-# 

with axgon. When it is  necessary t o  remove some l i thium  for   evaporat ion,   the  

glove  box is  flushed  with  several  volumes  of asgon and a small, steady  flow 

i s  maintained to   a s su re  a posi t ive pressure ins ide .  A small amount of l i thium 

is  c u t  from the   ingot  after an s e a  of  the  ingot is scraped  clean of s c a l e  

and  immediately  placed in   an   a rgon-f i l led   p las t ic   bag .  The bag is  knotted 

shut .  Argon w a s  used mainly  because it was conveniently  available,  but  dry 

nitrogen i s  t o   b e  preferred for l i thium  handling. 

The apparatus  for  evaporating and diffusing  cyl inders  is  shown in   F igure  

* 
-3t3t 

A. J. Tavendale,  Private Communication. 

Foote  Mineral Company, Paoli,  Pennsylvania. 
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7(a) and 7(b), and a schematic of t h e  oven i s  shown in   F igu re  8. The c r y s t a l  

(A),  i s  supported on a th in-wal l   s ta in less   tube .  The w a l l  thickness of t h e  

tube  has  been  reduced as much as possible  so that   heat   losses   through conduc- 

t i o n  are minimized. The c r y s t a l  i s  rest rained  f rom  s l iding  by two small 

molybdenum cups, t h a t  are i n   t u r n   r e s t r a i n e d   b y   f i n e  s l i t s  i n   t h e   s t a i n l e s s  

tube.  The s t a in l e s s   t ube  i s  fas tened   to  a s t a i n l e s s  rod t h a t  is supported by 

bearings and turned by a small synchronous motor a t  I20 r.p.m. . The motor 

i s  su i t ab le   fo r   ope ra t ion   i n  vacuum for   shor t   per iods  of time. The shaf t   has  

th ree   c i r cu la r  molybdenum hea t   sh i e lds   t ha t   t u rn   w i th  it, one ins ide   the  oven 

and two outside.  There i s  an  addi t iona l   sh ie ld   tha t   p ro tec ts   the   bear ing  

assembly  from the   rad ia ted   hea t ,  (Molybdenum heatshields  are designated "M" 

in   the  diagrams) .  The oven i s  made from McDanel High p x i t y  alumina (B) , 
c u t   t o  a length of 4 inches and a 1.5 x .5 i n c h   s l o t   c u t   i n   t h e   c e n t e r .  The 

s lo t   a l lows   evapora t ing   l i th ium  to  pass i n t o   t h e  oven for   deposi t ion on t h e  

germanium. The oven is wound with a tungs t en   co i l  and  cemented in   place  with 

McDanel AV30 alumina  cement,  and f i r e d  a t  3000'F.  The whole  oven i s  contained 

i n  a copper  housing  and  supported on alumina  rods ( R )  (shown schematically).  

There are two concentric molybdenum cylinders and two end shee ts   for   hea t  

r e f l e c t i o n .  The copper  housing i s  water  cooled (W) . The motor  and c r y s t a l  

assembly i s  on a t r a c k  and can  be  withdrawn  from  the oven using a mechanical 

vacuum feed-through. The oven was cal ibrated  using a germanium cylinder  iden- 

t i c a l   t o   t h o s e  used for dr i f t i ng   excep t   t ha t  two small holes were bored  (using 

t h e  spark c u t t e r )  rear e i t h e r  end and two thermocouples  inserted  with a small 

amount of  indium for   thermal   contact .  The ca l ibra t ion  is  shown in  Figure 9. 

* 

** 

* 
Purchased  from Hayden Clock Company, Waterbury, Conn. 

Purchased  from McDanel Refractory  Porcelain Co. , Beaver Fal ls ,   Pa.  
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I II 

Figure 7a. Cyl indr ica l  oven for  evaporation and d i f fus ion  of l i thium. 
Crys ta l  and  motor d r ive  assembly me shown r e t r a c t e d .  

Figure To. Cyl indr ica l  oven w i t h   c r y s t a l   i n   p o s i t i o n .  
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In   operat ion  the  procedure is  as follows: 

With t h e   f l a g ,  (S) in   p lace  so t h a t  no l i thium may e n t e r   t h e   s l o t ,   t h e  

l i thium i s  warmed to   t he   me l t ing   po in t   by   hea t ing   t he   baske t   f i hnen t  (D) . 
This w i l l  a l low  any   vo la t i le   impur i t ies   to   bo i l   o f f   before   evapora t ion   begins .  

The fi lament is  then  cooled  s l ight ly  so t h a t   t h e  rate of  evaporation is 

negl igible .  The oven i s  turned on by  applying 30 v o l t s  (240 watts) slowly a t  

first,  u n t i l   t h e   t u n g s t e n   r e s i s t a n c e   s t a b i l i z e s .  After 8 minutes  the power 

is  r a i s e d   t o  300 watts (40 v o l t s )  and  one minute later,  9 minutes after s t a r t  - 
ing,   the  power i s  shu t   o f f .  As the   ca l ibra t ion  shows, t h e  oven w i l l  coast  up 

t o  48OoC and dur ing   th i s  time the   l i th ium  should   be   s ta r t ing   to   evapora te .  

A t  11 minutes t o  15 minutes ,   the   f lag i s  turned  aside and evaporation and 

d i f fus ion  are maintained  simultaneously. A t  t h i s  time the  l i thium  should  be 

evaporated as fast as can be done without   sput ter ing.  The l i thium w i l l ,  of 

course,   short   the  tungsten wire reducing  the power t ransfer   bu t   th i s   should  

present no ser ious problem. 

A t  15 minutes a f t e r   s t a r t i n g  (a t o t a l   d i f f u s i o n  time of 4 minutes),  the 

following are performed  quickly in   succession:  

1. the  evaporation  f i lament is  turned  off ,  

2 .  t h e   c r y s t a l  i s  withdrawn  from the oven, 

3. the  vacuum valve is  shut ,  and 

4. super-dry  nitrogen is  quick ly   b led   in to   the   sys tem  to   cool   the   c rys ta l  

rapidly.  

This w i l l  r e s u l t   i n   t h e  m a x i m u m  supersaturated  l i thium  solut ion.  After 

5 minutes  of  nitrogen  cooling,  the  system is opened and methyl i s  cautiously 

dripped on the  spinning  crystal   being  careful   not   to   shock  the  crystal   thereby 

cracking it. This i s  done u n t i l   t h e   c r y s t a l  i s  cold.  

Figure 10 shows t h e   d i f f e r e n t i a l  and in tegra l   d i f fus ion   depth  as calculated 
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f rom  the   d i f fus ion   cons tan t   o f   l i th ium  in  germanium . Since  the  diffusion 

constant is  vaxying  exponentially  with temperature, extreme care must be 

t aken   t o  assure t h a t   t h e  temperature is  hown ove r   t he   en t i r e   c rys t a l  volume 

s o  t h a t  uneven or excessive  diffusion i s  avoided. The to t a l   d i f fus ion   dep th  

as calculated  (Figure 10) is  shown t o   b e  540 and 562 microns on e i t h e r  end of 

the  crystal .   Subsequent measurements on a c y l i n d r i c a l  sample showed the  depth 

t o   b e  550 - 25 microns on both  s ides  as made v i s ib l e   by  spark cut t ing  and 

copper staining  (both  to  be  described  below). The c r y s t a l  is  now removed 

from t h e  mounting  and washed i n  methyl  followed by water, and again  in  methyl 

t o  remove excess  l i thium from the  surface.  The f la t  ends  of  the  crystal  are 

removed by   s l ic ing   wi th   the  wire spark c u t t e r  (or diamond saw if  spark cu t t ing  

i s  unavailable) s o  t h a t   t h e r e  i s  no chance  of  lithium  being  present on the  

junct ion  surface.  

* 

+ 

c .  Spark Cutting 

The use  of   the spark c u t t e r   f o r  a l l  germanium cut t ing  was  

in i t ia ted   for   the   fo l lowing   reason:   cu t t ing   wi th  a diamond saw leaves a 

damaged layer which i s  quite  deep and extremely  variable,  depending on t h e  

cu t t ing  rate and the  condi t ion  of   the  blade.  The subsequent  polishing and 

lapping  by  abrasive i s  only   e f fec t ive  i f  it completely removes t h e   i n i t i a l  

damage and is  done in   carefu l   success ive   g rades   to  a f ina l   l apping   wi th  micron 

alumina. The termination  of  the  abrasive  polishing i s  s o  sub jec t ive   t ha t  re- 

p r o d u c i b l e   r e s u l t s   a x e   d i f f i c u l t   t o   a t t a i n .  

The s l i c ing   by  means of a spark cut te r ,  on the   o ther  hand,  does not  pro- 

duce damage beyond a few  microns i n t o   t h e   c r y s t a l  . The ac tua l  
3Hc 

* 
Values for   diffusion  constant   of  L i  i n  germanium given   in  (3 9) , 
also  (40)  . 
J. W. Mitchel l ,   Pr ivate  Communication. 

3Hc 

extent  of 

p. 186. See 
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damage has y e t   t o   b e  measured,  and a program i s  under way a t  t h i s   w r i t i n g   t o  

undertake  such  measurements. A good indicat ion  of   the damage produced  by  any 

method of cu t t ing  germanium is t o  observe  the  bubbling  that  accompanies t h e  

etch.  The damaged germanium (i .e., polycrystal l ine)   e tches  a t  a much more 

rapid rate than   the   s ing le   c rys ta l  and the  specimen w i l l  bubble  profusely 

while  there is  s t i l l  damaged material being removed. 

The a c t u a l  spark cutting  instrument i s  commercially made and the   cu t t e r  

attachments were made i n   t h i s   l a b o r a t o r y .  The cut ter   wire ,  0 . O O l 5 "  molybdenum, 

i s  drawn over two pulleys from i t s  or iginal   spool   onto a clock  motor-driven 

drum.  The specimen  and the wire c u t t e r  are immersed i n  kerosene  while  the 

servo-control  in  the  device  maintains a gap   suf f ic ien t   to   d i scharge  a selected 

capacitor  through  the  kerosene,  to  the  specimen.  There i s  no mechanical  con- 

t ac t   w i th   t he   c rys t a l ,  and due to   the  kerosene  there  i s  no surface  heating. 

d .  Preparation f o r  Dr i f t ing  

The c r y s t a l  must again be cleaned  thoroughly. 

1. Immerse i n   t r i c h l o r o e t h y l e n e   a f t e r   t h e  spark cut t ing  and ag i t a t e   w i th  

the   u l t r a son ic   v ib ra to r .  Remove t h e   c r y s t a l   t o  a second  beaker  of " t r i c o "  

and repeat  the  above. (Note t h a t  it i s  important to  use  polyethylene  beakers 

f o r  the  ul t rasonic   c leaner .  Whereas glass,   being  r igid,   couples  very w e l l  t o  

the   u l t rasonic   v ibra t ions ,  it is  too  hard and the  germanium, r a t t l i ng   wound ,  

tends   to   ch ip  a t  the  shwp  edges.  ) Continue t o  u s e   f r e s h   t r i c o   u n t i l   t h e  

solution  does  not  darken  with  carbon. 

2. Wash i n  methyl  twice. 

3 .  Dip i n t o  water t o  w e t  the   surface (so tha t   the   e tch   a t tacks   evenly) .  

4. Etch  unt i l   the   surface  s tops  bubbl ing.  It may happen tha t   t he   hea t  

generated by the   e t ch  i s  enough t o  cause   the   e tch- ra te   to  become too  high and 

"run away", thereby   forc ing   the   e tch   to  be terminated prematurely. This may 
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be  avoided  by  cooling the e tch ,   bu t  it i s  preferable   to   have a second quant i ty  

on hand. It is no t   poss ib l e   t o  remove t h e   c r y s t a l  from the   e t ch   s ince  it 

must be   d i lu ted  and decanted.  Otherwise  rapid  oxidation of the   sur face  w i l l  

take  place.  A t  th i s   po in t   the   sur face   condi t ion  w i l l  i n f l u e n c e   t h e   i n i t i a l  

d r i f t i n g   c h a r a c t e r i s t i c s  and care  should be taken   to  have a clean,  unpitted 

surface.  

5 .  Dilute  and decant  with water. 

6. Remove from  decanted  "acid  beaker"t0  the "wash beaker" and r i n s e  

severa l  more times. 

7. Dip in ,  o r  squirt   with  methyl (a drying  agent) .  

e.   Erift ing  Apparatus 

Two methods  of d r i f t i n g  have  been  used,  with  equivalent  results 

excep t   fo r   d r i f t i ng  time. They differ   only  in   the  ambient  and i ts  e f f e c t  on 

the  cool ing.  The f irst  method t akes   p l ace   i n  a dry  nitrogen  gas  atmosphere. 

The c rys ta l   cool ing  i s  accomplished  by  water  circulation  in  the  blocks  that  

hold  the  specimen and apply  the  bias .  The a p p x a t u s  i s  shown in  Figure 11. 

The posi t ive  vol tage i s  appl ied  to   the  outs ide  block  via   the copper  tube 

from the  outs ide,  and the  inner  tube i s  grounded. Cold tap  water  is  c i rcu la ted  

through  both  halves  of  the  outer  copper  blocks , passing  through a labyrinth 

ins ide   for  m a x i m u m  hea t   t r ans fe r .  The inner  tube  conducts  water  that  is  e lec  - 
t r i c a l l y   i s o l a t e d  from the  high-voltage  water  by  several  feet  of p l a s t i c  

tubing,   thus  the  crystal  i s  cooled a t  both n and p surfaces .  The boss on the 

f ron t   s ide  of the  outer   block i s  a thermocouple  connection. To mount the  

sample in   t h i s   appa ra tus  , t he   c rys t a l  i s  f i r s t  wrapped i n  a layer of  indium 

f o i l ,  and the  inner  tube is  wrapped with indium f o i l .  The c r y s t a l  i s  s l i d  

over  the  foil-covered  tube , making a snug contact , and the  outer   blocks  are  

placed  around' the  crystal  and fastened  together  with a strong  spring,  thereby 
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Figure lla Figure  l lb  . 

Drifting  apparatus. Copper blocks are water cooled;  ambient i s  dry nitrogen. 



allowing  for  expansion and contraction. 

The character is t ics   of   the   gas   ambient   dr i f t ing  apparatus  i s  described 

i n   t h i s   s u b s e c t i o n   r a t h e r   t h a n   i n   t h e  one following  denoted “drift procedure” 

because it is  be l ieved   tha t   the   l iqu id-cool  method i s  superior  from  several  

standpoints and should  be  described i n  somewhat  more d e t a i l .  

A t  the   onse t   o f   d r i f t ing ,   the  chamber i s  evacuated t o  1 micron o r  b e t t e r  

(evacuation is  through  side  stopper,  connections  not shown) and f lushed  several  

times with  dry  nitrogen. The drift was o r ig ina l ly   ca r r i ed   ou t   i n   t he  vacuum, 

b u t   d i r e c t  comparison  of the   d iode   charac te r i s t ics   for   the  two ambients showed 

tha t   d ry   n i t rogen  was  a superior  choice.  The da ta  i s  exhibi ted  in   Figure 12. 

It i s  be l i eved   t ha t   d i f f e ren t   gases   a f f ec t   t he   su r f ace   s t a t e s  of germanium i n  

markedly d i f f e r e n t  ways,  and t h a t   t h i s  i s  a possible  explanation  of  the 

effect .   There is  undoubtedly a cont r ibu t ion   to   the   d i f fe rence  caused  by 

d iss imi la r   hea t   t ransfer  a t  the  junction  surface.  Data taken  in  the  above- 

mentioned f i g u r e  was repeated  several   t imes.  

* 

When the  diode  begins   to   deter iorate ,  the nitrogen is pumped out of the  

b e l l  jar and the   c rys t a l   a l l owed   t o  w a r m  s l i g h t l y  (by shutting  off   the  cooling 

water) .  The previously ”good” c h a r a c t e r i s t i c  i s  restored when clean  nitrogen 

i s  reintroduced. The drift vol tage  a t   constant   current   has   repeatedly  been 

ra i sed  from  around 220 vo l t s   t o   abou t  350 v o l t s   i n   t h i s  manner. 

f .  The Drift Procedure 

The apparatus   for   dr i f t ing  with  l iquid  cool ing is shown i n  

Figure l3(a) and l3(b).  The schematic  diagram shown in   F igure  14 shows t h e  

manner i n  which t h e   c r y s t a l  (B) is mounted. The c r y s t a l  i s  wrapped with a 

layer  of cleaned  indium f o i l  (C)  to   se rve   bo th  as a cushion and as a n-contact. 

* 
F. Goulding, Pr iva te  Communication, January 7, 1966. 
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Figure 14. Diagram of boiling Freon drift  apparatus. 
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It is picked  up  with  the  (gold  plated)  copper clamp (D) and  held by a strong 

spr ing.   Posi t ive bias is a p p l i e d   t o   t h i s  clamp. The c r y s t a l  is  placed  onto 

a spindle-platform (E), wi th   the grounded contact  being made via a gold leaf 

spring, and lowered u n t i l  i ts  edge rests on a tef lon  support  (A) .  The container 

i s  f i l l e d   w i t h  a non-polax l iqu id  and sealed.  Freon TF cleaner  has  been 

chosen fo r   t h i s   pu rpose   s ince  i t s  boi l ing  point ,  4 7 O C ,  is  c lose   to ,   bu t  com- 

f o r t a b l y  below the   po in t  a t  which the  thermally-generated  carriers make t h e  

* 

p-type germanium i n t r i n s i c .  The condensing column allows  refluxing of the 

f r e o n   b o i l   o f f .  When b i a s  i s  appl ied ,   the   hea t   t ransfer red   to   the   f reon  

causes it t o   b o i l .  The boi l ing  i s  fa i r ly   loca l ized   to   the   reg ion   a l ready   de-  

pleted (F) as can  be  seen  in   Figure  l3(b) .  

The drift  process is as follows: 

1. Nickel   plate   e lectrodes  onto  the germanium c r y s t a l .  The e lec t ro less  

method (41) is  used to   p l a t e   t he   en t i r e   su r f ace   o f   t he   cy l inde r .  The process 

uses a solution  of 

Nickel  Chloride 3 0 d l  

Sodim  hypophosphite 1 0 g h  

Ammonium c i t r a t e   6 5 g h  

Ammonium chlor ide   50gh 

The so lu t ion  i s  f i l t e r ed   tw ice  and ammonium hydroxide i s  added u n t i l   t h e  

so lu t ion   tu rns  from a n  emerald  green t o  a deep  blue  color.  The solut ion i s  

r a i s e d   t o  95OC, and t h e   c r y s t a l  immersed for   about  40 minutes after solut ion 

resumes bo i l ing .   Th i s   r e su l t s   i n  a nickel  thickness  of  approximately 7 microns. 

Carefully remove t h e   c r y s t a l  from the  plat ing  bath;   the   solut ion is a p t   t o  

make the   c rys t a l   s l i ppe ry  and  precarious  to  handle. Wash i n  water. 

* 
Purchased  from Dupont, Wilmington, Delaware. 
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2. The n icke l  must be removed from t h e  f lat  surfaces .  The outside 

contact is covered  with  solvent   res is tant   polyester  tape ("Scotch" #853) and 

trimmed. The inner  electrode is  masked with a th in   so lu t ion  of black  picein 

wax in   t r ich loroe thylene .  A convenient  technique  for  applying  the wax i s  t o  

poke a cotton swab through  the  hole  and then  apply some w a x  t o   t h i s  swab with 

another. Then d r a w  the  f irst  cotton swab back  out  through  the  hole  while 

rotating  slowly.  This will prevent w a x  from coa t ing   t he   j unc t ion   f ac t   t o   be  

etched. The  wax should be allowed t o   d r y  for about 40 minutes. Dry nitrogen 

played on the   a r ea  will accelerate  drying.  Dissolve  the  nickel  in 40% ( d i l u t e )  

n i t r i c   ac id .   Th i s   n i cke l   p l a t ing  and s t r ipp ing  from the  junct ion  surface i s  

an e spec ia l ly   e f f ec t ive  way to   c lean   the   junc t ion   face   p r ior   to   d r i f t ing   main ly  

due to   t he   s t rong ly   a lka l ine   p l a t ing   so lu t ion .  

Remove the  adhesive  tape  by  pull ing  in a d i rec t ion  180' t o   t h e   s u r f a c e  

so tha t   excess ive ly   l a rge  stress i s  not  placed on the   n i cke l   p l a t e .  The 

p ice in  wax can be removed by  washing in   s eve ra l   quan t i t i e s  of t r i c o .  

3. Wash c r y s t a l   i n  methyl and dry.  

4. Wrap the   outs ide  surface  with indium f o i l  and mount i n   t h e   d r i f t i n g  

apparatus as described  above. 

5 .  F i l l  with  Freon TF and seal. 

6. Apply bias very  slowly  (cover 30 minutes). Sudden appl icat ion of 

b ias   very   l ike ly  w i l l  cause breakdown. I n  one case,   the  sudden in t e rna l   hea t -  

ing  caused stress which  cracked  the  crystal. 

7. After thermal  equilibrium  has  been  reached, reset the power i n p u t   t o  

t h e  least of E O  V max, or 500 m a  m a x  or 30 watts max, by  se t t ing   the   vo l tage  

and current  limiters of a constant  current  supply.   Since  the power w i l l  be 

d iss ipa ted   in  a very   th in   sur face  a t  the  junction a t  the  onset of d r i f t i n g ,  

it is unwise to   begin   wi th   h igh  power inpu t   fo r   t he  first several   hours.  
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g.   Chaxacter is t ics  of the  Drift 

If t h e   i n i t i a l  power input  is  low enough t h a t   t h e r e  is  not 

a marked temperature r ise  with  increased power input,  i .e. , the   thermal  i m -  

pedance to   the  ambient  is  low, then one can  observe  the impedance increase 

wi th   increas ing   dr i f t   depth  as an  increase  in  d r i f t  b i a s   ( a t   cons t an t   cu r ren t ) .  

This phenomenon is  indica ted   by   the   p lo t  of b ias   vo l tage  vs.  time in   F igure  15. 

The power input w i l l  eventually  approach a m a x i m u m  commensurate with  the 

thermal impedance to   t he   hea t   s ink ,  and the   e f f ec t ive   e l ec t r i ca l   r e s i s t ance  

w i l l  r i s e  or fa l l  after t h e   i n i t i a l  d r i f t  period  depending on the   ca r r i e r   i n -  

crease  with temperature (dependent on sample  of germanium)  which is  a function 

of drift depth. The vol tage  increase  with time has  been similar to   t he   cu rve  

shown in   F igure  15 for   every  detector  made, whether i n  gaseous or l iqu id  a m -  

b i e n t .  The data shown i s  taken  with a p l ana r   c rys t a l  (#-; current  19.4 - 0.2 

ma, T = 18 2OC, 25 ohm-cm) i n  a nitrogen  atmosphere. 

+ 

The volt-current  characterist ic  of  an  annulus  taken 1 hour a f t e r   t h e  be- 

ginning  of d r i f t  i s  shown in   F igu re  16. A s  t h e  drift progresses ,   the   reverse  

b i a s  part of the  curve w i l l  r i se  more quick ly   to  a plateau,  and rise slowly 

t h e r e a f t e r   t o  a voltage  that   should exceed 120 volts   without  breakdown at  

!doc - 
After two or th ree  hundred  hours  of d r i f t i n g ,   t h e   l i t h i u m  w i l l  have m i -  

g r a t ed   t o  a l l  impurity and dis locat ion si tes and become immobile s ince  i ts  

e l ec t ros t a t i c   i n t e rac t ion   w i th   t he   app l i ed   f i e ld  i s  reduced to   nea r ly   ze ro .  

A l s o ,  as has  been  mentioned  above,  the  mobility i s  g r e a t e r   i n   t h e   r e g i o n  of 

dis locat ions.  The c r y s t a l  boundary presents a complete  surface of dis loca-  

t ions ,   in   e f fec t ,   because  of the  abrupt  discontinuation of the  diamond l a t t i c e .  

This w i l l  induce  the  l i thium  to migrate to   t he   ou te r   su r f ace  and nucleate.  

(If the   sur face  were i n  an oxygen-bearing  atmosphere the   l i th ium would oxidize 
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and b e   l o s t ) .  Also, the   l i th ium a t  the  n-type  contact w i l l  creep down t h i s  

sur face ,   reducing   the   e lec t rode   separa t ion ,   in   e f fec t ,   increas ing   the   e lec t r ic  

f i e l d  at the  surface,   causing  the  observed  current   to   be due to   su r f ace   cu r -  

r e n t .   S i n c e   t h e   t o t a l  drift  depth is r e l a t e d   d i r e c t l y   t o   t h e   d i s s i p a t e d  power 

i n   t h e   b u l k  material, t h e  drift rate as predicted  from  the  volt-amp  product 

(calculated *om the  observed  current) w i l l  b e   t o t a l l y   u n r e l a t e d   t o   t h i s  quan- 

t i t y .  

It becomes necessary, when t h i s  happens, t o  remove t h e   c r y s t a l  from t h e  

dr i f t ing   appara tus  and to   e tch   the   sur face   o f   the   c rys ta l ,   be ing   carefu l   to  

mask the  inner  and outer   n icke l   e lec t rodes .   Ind ica t ions   tha t   th i s   has  become 

a necessary  s tep are t h a t   t h e  d r i f t  rate i s  proceeding  slower  than is  theo- 

r e t i c a l l y   p r e d i c t e d  or a d e f i n i t e  change i n  I -V  charac te r i s t ic .  The dr i f t  

rate can be measured  by  copper s ta ining,  as described  in  the  following para- 

graphs. 

h.  Determination of D r i f t  Depth V i a  Copper Staining 

A t  any time during  the d r i f t ,  it is  possible (and advisable 

every 150 hours or so) t o  measure the  d r i f t  depth. It i s  a l so   des i r ab le   t o  

do s o  without  the extreme  temperature  change t h a t  i s  involved  in making capaci- 

tance measurements, s ince  the  recycl ing  has  been  found t o   b e   d e l e t e r i o u s   t o  

f ina l   cha rac t e r i s t i c s* .  The method of depth measurement by  copper  staining 

i s  e a s i l y  performed and has   the added b e n e f i t   t h a t  it cleans  the  surface.  The 

procedure i s  as follows: 

1. A solut ion of  copper s u l f a t e  i s  prepared. 

400 m l  water 

24 ~LUS copper s u l f a t e  

* 
C .  Chasman, Private Cammunication, December 16, 1965. 
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2. The so lu t ion  is cooled to   ice   temperature .   This  w i l l  produce good 

d e f i n i t i o n  of the   junct ion  demarcat ion,   s ince  the  thermally  generated  carr iers  

w i l l  be  reduced. 

3. A copper f o i l  i s  taped   to   the   ou ter   e lec t rode   wi th   the  same solvent- 

r e s i s t a n t  tape as i s  used f o r  masking.  Contact i s  made to   the   inner   e lec t rode ,  

be ing   carefu l   no t   to   sc ra tch   the   n icke l   p la t ing .  

4. Connect the  l i thium-rich  (outer)   contact   to  a posit ive  voltage  source,  

and ground the  inner  electrode.  Pass  approximately 50-75 ma through  the  crys- 

tal .  

The c r y s t a l  is now reverse   b iased ,   wi th   the   deple ted   reg ion   be ing   s l igh t ly  

pos i t ive  and the  p-type germanium being  biased  negatively.  The grea tes t  

f i e ld   s t r eng th  w i l l  be  a t  the   i -p   i n t e r f ace  as a consequence of reverse  cur- 

r e n t  compensation. The copper ions,  being  positively  charged w i l l  p la te   ou t  

on to   the   i -p   in te r face  on the  p-side.  The progress of t h e   d r i f t i n g  of  Ge(Li) 

Annulus #4 can be  observed i n   F i g u r e  17. The conclusions drawn from t h i s   d a t a  

are presented a t  t h e  end  of t h i s   s e c t i o n .  

If t h e  copper  does  not  plate  readily,   after 10-15 seconds,  there may be 

foreign matter coating  the  surface.  There w i l l  always  be a tendency  for matter 

suspended i n   t h e   f r e o n   t o   b e   a t t r a c t e d   t o  and p la te   ou t  on the   h igh   e l ec t r i c  

f ie ld   region.   This  is  of ten removed by rubbing  with a cotton swab with  the 

c r y s t a l  immersed in   var ious   so lvents   (no t   ac ids) .  

5. Remove a l l  electrodes and  tape, wash i n  water, d i p   i n   a l c o h o l  and dry. 

6. Mask as described  for a rout ine  e tch  with  picein wax  on the   ins ide  

and tape on the  outs ide.  

7. Dip t h e   c r y s t a l   i n  40% n i t r i c   a c i d   u n t i l   t h e  copper  disappears. D i -  

l u t e  and decant ,   e tc .  

8. Etch i n  CP4, d i l u t e  and decant ,   e tc .  
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Figure 17. Photographs of the  Ge(Li)  annulus #4 junction, copper stained, at three occasions  during 
the  drift .  



9 .  Dry and remount in   t he   d r i f t i ng   appasa tus  . 
i. The Post Drift 

Because the  current-induced  overcompensation is an un- 

avoidable  by-product of rapid,   high power d r i f t i n g ,  a post drift,  or "clean-up 

dr i f t"   has   been  used as the  Last   s tage  before   tes t ing.   This  i s  most e f fec t ive ly  

done in   the  present   apparatus ,   by  taper ing of'f the   current   during  the last few 

dws and  immersing the   f r eon   ba th   i n   i ce   fo r   t he  last two days, or u n t i l   t h e  

voltage at a few mill iamps  ceases  to r ise.  Al te rna t ive ly ,   th i s  can be done 

in   t he   f i na l   ope ra t ing   c ryos t a t .  The c rys ta l   should   no t  be s u s t a i n e d   i n   t h i s  

condition much longer   than   necessary   to   f la t ten   the   l i th ium  d is t r ibu t ion .  

The mobili ty i s  not  high enough t o  cause  appreciable   control led  dr i f t ing  to  

take  place,   but  the  l i thium s t i l l  tends t o  migrate over  the  surface of the  

junction. After 10 hours of  low temperature  drift ing,   the  diode  characteris-  

t i c s  of Ge  ( L i )  annulus #4 appeased as in   Figure 18. After an  addi t ional  78 

hours of post d r i f t  a t  O°C the  leakage  current a t  l20 vol t s  had decreased 6% 

as sham.   Fu r the r   d r i f t i ng  at t h a t  temperature produced no noticeable change. 

The diode was packaged after l20 hours of pos t -dr i f t .  No V-I curves were 

measured a t  LN t empera ture   for   th i s  sample as low temperature  cycling was  

deliberately  avoided. The e f f e c t  of  the   pos t -dr i f t ,  as performed i n  th i s   p ro-  

cedure s e  we l l   e s t ab l i shed   i n   t he   l i t e r a tu re  as a means of imFoving  detector 

chaxacter is t ics  ( 42,43) . 
j .  The Cryostat  

The c r y o s t a t   i n  which the  detectors  me mounted and used 

sa t i s fy   t he   fo l lowing   c r i t e r i a :  ( 44) 

1. They axe vacuum t i g h t  and pass s t r ingen t   l eak  tests. 

2 .  They allow  for  continuous  cooling of the   de tec tor  a t  77OK. 

3. They are compact s o  tha t   the   c loses t   poss ib le   approach   to   the   de tec tor  

i s  rea l ized .  
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Figure 18. Diode characteristics of Ge(Li)  annulus 84 during the post-drift. 



4. Heat t r a n s f e r  i s  made minimal so t h a t   t h e  refrigerant is slowly 

dissipated,  and so the   de tec tor   sur face  is  not warmed via   radiat ion  f rom  the 

cryostat  walls. 

The detector mounting  and cryos ta t  shown in   F igu re  19 is  t y p i c a l  of t h a t  

used t o  mount the   annul i   fabr ica ted   in   th i s   l abora tory .  

The hea t   absorp t ion   v ia   rad ia t ion  of a germanium surface a t  77OK from a 

room temperature   blacaody i s  approximately 25 mw/sq.cm. (the  emissivity  of 

germanium i s  0 .5) .  This knowledge along  with  the need t o  have a s turdy,   but  

f l e x i b l e ,  mounting has   l ed   to   the   des ign  shown. A var ie ty  of different   designs 

have  been  used for   spec ia l   appl ica t ions .  The c r y s t a l  is mapped  with a f resh ,  

cleaned  layer of  indium f o i l ,  set  in   the   (go ld   p la ted)  copper cradle as shown. 

A gold-plated  copper  sheet is  fastened  over  the  outside of t he   c rys t a l ,  and 

a set screw i s  t ightened so t h a t  it is  secure. The copper sheet  i s  springy 

enough so tha t   devia t ions  from being  c i rcular ,   coupled  with  the  sof t  indium 

are adequate t o  allow  for  expansion 'on cooling(45). The copper cradle is  

so ldered   to  a copper  rod  that passes out of the vacuum i n  a var ie ty  of ways 

depending on the  individual   cryostat   design.  As a safety  precaution  against  

condensible  vapors  entering  the chamber through  the pumping por t ,  a f lat  was 

soldered  to  the  support   post   covering  the  hole.   In  operation  the  post  and 

f l a p  are a t  l iquid  nitrogen  temperature and the   f l ap   s e rves  as a coldtrap.  

The center   contact ,   to   be  connected  to  a negative  bias,  for t h i s  mounting 

geometry (with  the  outside  obviously  grounded) is made with a gold leaf 

spr ing   contac t   in   the  same manner tha t   the   inner   contac t  was made during 

dr i f t .  The contact i s  made dry,   but  a small bead  of  indium i s  melted t o   t h e  

gold  where it w i l l  contact   to   avoid  scratching  the N i  p la te .  The use of 

gallium-indium  eutectic as a wetting  agent  has  been  used on occasion,  but it 

has  been  pointed  out  that   the  majority of experimentors  fabricating  Ge(Li) 
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Figure 19. Ge(L2) annulus mounted i n  a %mica1 
cryostat. 
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detectors  avoid it . * 

The gallium may a l l o y  wi%h t h e  germanium, poss ib ly   caus ing   s t r a ins   i n  

t h e  material. Measurements i n   t h i s   l a b o r a t o r y  have shown that t h e  Ga-In 

eutectic  behaves  p-type on t h e  germanium surface and this  alone  has  discouraged 

i ts  u s e   t o  form the  n-contact .  It has  been  observed to   spread  over   the  ap-  

pl ied  surface  qui te   readi ly ,  and it is not known whether it w i l l  creep  over 

onto  the  del icate   junct ion  surface.  Again, this   uncer tainty  has   been enough 

to   discourage i ts  use   un t i l   f u r the r  measurements  have  been made. 

The c ryos ta t  i s  thoroughly  cleaned, and outgased  under vacuum. Its clean- 

l i n e s s  is  best gauged from the   cur ren t   read ing  on a Vacion pump. Cleaning and 

outgasing  should be continued (after leaks are e l imina ted)   un t i l   the   cur ren t  

has  dropped t o  5 microamps . +x 

The last t rea tment   g iven   the   c rys ta l   before   sea l ing   in   the   c ryos ta t  is 

several   e tches   with CP4, (masked) with a thorough  r insing  in  water afterwards. 

A quick   d ip   in   bo i l ing  methyl assures a clean dry surface.  There are a myriad 

of  surface  treatments  that  have  been  published  which are now f o r   t h e  most past 

regarded as useless  ; f o r  example, dipping  in hydrogen  peroxide. 

The cryostat  has  been  constructed and  used s o  t h a t   t h e   s i g n a l   l e a d  was 

as shor t  and as d i s t a n t  from  ground surfaces as possible,   to  avoid  excessive 

capacitance.   This  has  the  effect  of  minimizing the  p-eamplif ier   noise .  

4. Compxison  of  Radial  Drifting  vs. Planas Dr i f t ing  

D a t a  t aken   du r ing   t he   d r i f t i ng  of Ge(Li )  annulus #4 (Figure 20) 

shows t h a t   t h e  growth of the  depletion  region  vs.  time is  somewhat more rapid 

* 
)Hc 

C .  Chasman, Pr iva te  Communication. 

H. Mann, Pr iva te  Communication. 
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than  the  planar  case.  The drift depth and mea of the   junc t ion  edge  (which 

is  d i r e c t l y   p o p o r t i o n a l   t o   t h e  volume) for   the  annulus  i s  plot ted  vs .  drift  

time. This is  t o  be c o m p e d  with t h e  drift depth of a planar  diode,  given 

bY 

w = y,pvt/, 

and t h e  area of a 10 mm wide  planar  junction  plotted  vs. time; the  same curve 

.appl ies   to   bo th  pasmeters for the  planar  case,  where 

w i s  t h e  drift  depth  in  mm 

p is  the  l i thium  mobil i ty  a t  the  temperature, T 

V is  the   b ias   vo l tage  

t i s  t h e  drift time 

The annulus w a s  d r i f t e d  at 47OC, with  an  average  voltage of 100 v o l t s .  

The outer  radius is  e q u a l   t o  12.4 mm; t h e   p o d u c t  2pV is  equa l   t o  1 .5  x 

The comparison of t h e  two volumes ( i . e  ., areas)  i s  academic as the  planar  case 

is calculated  for  a uni t   c ross   sec t ion  area, but   the  rate of  change of area, 

i.e.,  the  s lope of the  curves   indicates   that   the  two are near ly   ident ica l  a t  

the  f i rs t  s tages ,  which is t o   b e  expec ted   s ince   t he   f i e ld   i n   t he   r ad ia l  geometry 

i s  near ly   l inear  a t  12 mm radius .  A t  deeper drift d e p t h s ,   t h e   r a d i a l   d r i f t  

rate i s  geater  than  the  planar  case (a n a t u r a l  consequence  of the  l/r f i e l d  

dependence), b u t   t h e  rate of volume increase  has become less. This is  due t o  

the  compensating r dependence  of t h e  volume in   t he   annu lus .  It i s  hardly 

necessary   to   no te   tha t   th i s  is  no t   pa r t i cu la r ly  a shortcoming of the  annular  

drift because  the  length of the  cyl inder  i s  much more easily  extended  than 

the   e lec t rode  area of a f la t  detector .  

-2 

D. Operation and Testing of the  Detector 

1. Capacitance Measurements 
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The i n i t i a l  tests made on a Ge(Li) detector  are intended t o  

determine  the optimum operating  conditions. It is  a l s o   v a l u a b l e   t o  know t h e  

capacitance  of  the  detector so t h a t  i f  noise measurements are t o   b e  made an  

equivalent   capaci tor   can  be  subst i tuted  that  i s  as c lose   t o   t he   de t ec to r  

capacitance as possible.  Confidence i n   t h e  drift  geometry is fur ther   reen-  

forced i f  the  calculated  capacitance i s  i n  agreement wi th   t ha t  measured.  With 

the  annular geometry, the  capacitance is  given  by  the  equation, 

c = 8.76/1n(E.4/r) picofasads/cm 

where r is  i n  mm. C i s  the  capacitance of 1 cm long  crystal .  

The capacitance was measured  by the   fo l lowing   c i rcu i t  and the  subsequent 

.calculations;  

with S closed: 

csvs 
a vd - 'e c = -  

With S open: 
CSVS' = CeVd' 

csvs c = -  
e Vat  

C = standard  capac . 
C = detector 

C = everything  e lse  

S 

d 

e 

Cd = cs ( s - VS'  ) V 
" 

vd 
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The c i r c u i t  was used  with a pulsed  voltage  source as V (squaxe wave 

generator) and the   vo l tage  Va was measured with a vol tage-sensi t ive  amplif ier  

(oscil loscope).  The c i r c u i t  used  has as the  s tandard a 100 pf capacitor and 

provis ion  for   applying bias to   t he   de t ec to r   du r ing   t he  measurements, The 

capacitance  of  Ge(Li)  annulus #2 as measured t h i s  way was 59.5 pf ,   (using a 

200 kc, 25 us  wide  square  pulse).  This  gives a calculated  depth  of 3.7 mm 
+ - .2 mm. The e r r o r  i s  due to   t he   t o l e rance  on the  s tandard  capaci tor .  This 

depth agrees well   with  the  depth as determined  by  copper  staining as shown i n  

Figure 21. This c r y s t a l  was  sec t ioned   to  show the  uniformity of t h e   d r i f t e d  

region, after being pastially dr i f ted .   For   b ias   vo l tage  above 10 vo l t s   ( t o  

550 volts)   the   capaci tance  did  not  change  measurably.  This a t t e s t s   t o   t h e  

fac t   tha t   the   deple t ion   reg ion  i s  i n t r i n s i c  and a very small bias  is  a l l  t h a t  

i s  needed t o  sweep out   the   d i f fused   car r ie rs .  

t 

2. Bias Dependent Charac te r i s t ics  

Figure 22 shows t h e   t y p i c a l  dependence  of  leakage  current,  resolu- 

t ion ,  and pulse   he ight   ( for   the  662 kev Cs*’ peak) as a function of applied 

bias   vol tage.  It i s  s igni f icant   tha t   the   pu lse   he ight   reaches  a constant 

value above 300 volts .   This  means t h a t  above this   value  the  mobil i ty   of   the  

caxriers  is  such  tha5  the drift  length i s  gyeater than   the   rad ia l   deple t ion  

width. If the   de tec tor  were operated  below th is   va lue ,   the  peaks  observed 

would be asymmetric, with a low energy t a i l  caused  by  those  carr iers   that  were 

trapped and  recombined before   col lect ion.  The f a c t   t h a t  a l l  t h e  peaks ob- 

served  with  this   detector  axe symmetric  normal d is t r ibu t ions   suppor ts   th i s  

da ta  and assures tha t   t rapping  i s  no groblem. The leakage  current is  monotonic 

increasing  with bias as one would suspect ,   but  it i s  higher  than i s  considered 

optimum (less than 10 nA). It i s  bel ieved  that   the   large  leakage  current  on 

th i s   de tec tor  i s  due t o  condensables  that were trapped on the  cold  junction 
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Figure 21. Ge(Li)  annulus #2 c u t   i n   h a l f   a n d  copper s t a i n e d  . The 
p r o f i l e  of the j u n c t i o n  i s  exposed. 
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Figure 22. Detector characteristics a8 a function of bias voltage. 



surface  eminating  from  the  cryostat w a l l s .  The measured leakage two hours 

after in i t ia l ly   cool ing   the   de tec tor  was  7 nA, and it r o s e   s t e a d i l y  for t he  

next E hours   to   the  present   value.  It has changed very l i t t l e  i n   t h e  4 

months it has  been  observed. 

The r e so lu t ion   has   t he   cha rac t e r i s t i c   vax ia t ion   w i th   vo l t age ,   an   i n i t i a l  

decrease  while  the  charge  collection  properties improve,  followed  by a gradual 

deter iorat ion  caused  by  the  increasing  leakage  current .  The detector  is being 

operated at the  highest   possible   bias  commensurate with  the minimum of t h e  

resolution  curve.   This is  to   ob ta in  maximum speed  of  charge  collection. The 

detector  Ge(Li)  annulus #% i s  operated  with a b ia s  of 550 vo l t s .  The qua l i t y  

of a de tec to r   i n  most respects  can  be  quickly  judged fYom the   spec t ra  of 

selected  radioisotopes.   Figure 23 is a spectrum of C057 with peaks a t  I22 KeV 

and 1-36 KeV. These peaks, 14 KeV apast are  completely  resolved,  the FWHM 

being  6.2 KeV. The contribution of t h e   d e t e c t o r   i t s e x   t o   t h e  I?" is approxi- 

mately 4 KeV. The low-energy  noise becomes excessive below  25 KeV, f o r   t h i s  

detector .   Figure 24 is  the  plotted  spectrum of Co60.  The FWHM for   th i s   spec-  

trum i s  7.4 for  both  peaks. 

E. Discussion 

The annular  geometry makes possible  the  standardization of de tec tors  for 

gamma ray  spectrometry  for  the  following  reasons : 

1. The geometry is  highly  regular ;  i .e .  the  hollow  core  assures  that   the 

in t r in s i c   r eg ion  remains cyl indrical   except   for  small edge effects.   Therefore,  

capacitance measurements  and  copper s t a in ing   g ive   ea s i ly   i n t e rp re t ed  informa- 

t i on .  The uniformity of t h e   d r i f t i n g  w a s  observed  by  cutting  in ha79 a diode 

t h a t  had  been partially d r i f t ed .  The r e s u l t  of sect ioning and  copper s t a in ing  

i s  shown in  Figure  25.  The drift depth  measured  over 95% of the  length was 

found t o   b e  (4.0 - 0.2) mm. Capacitance  measurements had indicated a r a d i a l  + 
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depth  of 3.7 mm - 0.2 mm. The d i s t o r t i o n  a t  t h e  edges is  s l i g h t ,  which is 

c l ea r ly   des i r ab le .  

+ 

2. The only pasmeters needed to   spec i fy   t he   de t ec to r  geometry axe t h e  

inner and outer  diameter as w e l l  as the  length  of   the  cyl inder .  One is  ab le  

t o  compase quant i t ies   such as the   i n t r in s i c   e f f i c i ency   o f   t he   de t ec to r   w i th  

o thers ,   thus   fac i l i t a t ing   the   compi la t ion  of tables of these   quant i t ies .  

3. If t h e  gamma source is  placed on the  axis of  the  annulus,   the  simplicity 

of   the geometry al lows  interpolat ion of t he   e f f i c i ency  of annuli  of various 

s i z e s .  

A cylinder  of 1 inch   o .d .   d r i f t ed   t o  a depth  of 8 mm has a volume of 10 

cm3 per  inch of cylinder  length.  The drift time, surface  leakage  -properties, 

and  charge  col lect ion  propert ies   are   not  a function of the  length  of   the 

cylinder so tha t   long   de tec tors  of large volume can  be made almost as fast 

and easily as small ones. The only  l imitat ion seems t o   b e  homogeneity of t h e  

germanium ingot and the  usefulness of the  long  thin  shape. 

The removal  of t he   cen t r a l   co re  and the edge portions  of  the  trapezoidal 

ingot  el iminates  the parts of the  germanium ingot   wi th   the   g rea tes t   d i s loca t ion  

densi ty .   Furthermore,   the   s t ra ins   in   these  crystals  are along  the  direct ion 

of t h e  axis of the  annulus,  concentrated at the  center  and the  edges.   Drif t ing 

i n   t h e   r a d i a l  geometry is thus  perpendicular   to   these  r ibbons of dis locat ions.  

We be l i eve   t ha t   d r i f t i ng   pe rpend icu la r ly   t o   t hese   d i s loca t ions  enhances 

the  uniformity  of   the drift. 

Two annular  detectors produced wi th   ac t ive  volumes of 8 cm have  each per- 3 

formed w e l l  as center   crystals   of  a three c r y s t a l  pair spectrometer.  For a 

gamma ray energy  of three MeV, the  pair spectrometer  detects  approximately one 

out of every 1000 photons incident  on t h e  germanium crys ta l .   F igure  26 shows 

a typical  double-escape  spectrum  resulting  from  the 23Na+d reac t ion  showing 
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Figure 26.  Double-escape spectrum of 23Na+d using a Ge(Li) annulus as the  center  crystal of a 
3-crystal pair spectrometer. 



t r a n s i t i o n s   u p   t o  10 MeV. The geometry  used f o r   t h e   t h r e e   c r y s t a l  pair 

spectrometer is  ShoIM i n  Figure 27. The measured  energy reso lu t ion  for  t h i s  

detector  vas 6 keV ( including  e lectronics   noise)  at 122 keV. Not much e f fo r t  

vas spent   in   t ry ing   to   reduce   l eakage   cur ren t  as these   de tec tors  w e r e  t o   b e  

used fo r   r eac t ion  gamma rays. 

The in t r in s i c   e f f i c i ency  of a Ixl inch  annular  detector  with a drift 

depth of 6 mm has  been measured  up t o  9 MeV at several   source- to-crystal  

dis tances .   Standard  eff ic iency tables and g a p h s  simim t o   t hose   ava i l ab le  

f o r   t h e  Nal crystal have  been  prepxed. The sources  have  been  placed on t h e  

a x i s  of the  annulus and the   i n t r in s i c   e f f i c i ency  of the   de tec tor  a t  seve ra l  

dis tances  from the  source  has  been  measpred.  Figure 28 shows t h e   i n t r i n s i c  

eff ic iency as a funct ion of incident  photon  energy  for the photopeak,  double 

escape peak,  and single  escape  peak.  Curves are shown for three source-to- 

c rys t a l   d i s t ances ;  5, 10, and 20 cm. 

The func t iona l  dependence on energy of the  intr insic   photoeff ic iency,  

(R ) , is approximated t o   w i t h i n  396 a t  h = 10 cm by the equation: I 1  

RIG1($) = exp (2.32-1.593 E +0.1908E -0.00g88E3). 2 
Y 7 Y 

The double  escape  efficiency (R2 E2) is appoximated  by  the  following  equation 

between 2.5 MeV and 6 MeV incident  photon  energy t o   w i t h i n  5%. 

R2 E,($) = 0.3ll5+0.3706 E -0.0749 E2 
Y 7 

+C .004l2 E; 

! 
and the  following  equation between 6 MeV and 10 MeV, 

%e2($) = 1.1645-0.1304  Ey+0.00686  $-0.0002gE3 . 
Y Y 

I 

The photon  energy, E i n  the above  expressions is  i n  MeV. 
Y’ 
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Figure 27. The de tec tor  geometry for  use as a spectrometer,  shawing 
the pos i t ion  of t he   de t ec to r   i n   t he   c ryos t a t  and (below) i n  the 
three-crystal   spectrometer .  
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Figure 28. Intrinsic efficiency of  Ge(Li) annulus #% for full-energy, 
double-escape  and  single-escape peaks. 
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Figure  29 shows the   var ia t ion   o f   the   fu l l -energy   peak   in t r ins ic   e f f ic iency  

wi th . source- to-crys ta l   d i s tance   for   the  three 207Bi energies.  

The relative eff ic iency  of   the  3-crystal   spectrometer  is shown i n  

Figure 30. The 8 cm Ge(Li) detector  was mounted ho r i zon ta l ly   i n  a rectangular 

c ryos ta t   wi th   spac ing   to   the   s ide   c rys ta l s  minimized so that   the   geometr ical  

eff ic iency was 25%. The side  channel  spectra were biased a t  260 keV. A t  3 

MeV 12% as many counts were recorded  in  a 3-crystal   peak as would be  recorded 

3 

i n   t h e  double-escape  peak  of  the  single  crystal. 

Conclusions 

1. We have  fabricated germanium li thium-drifted gamma de tec to r s   i n   t he  

form  of t rue   coaxia l   cy l inders .  The r e g u l a r i t y  and s impl ic i ty  of the  geometry 

permit ted  the  s tandardizat ion  of  gamma spectroscopy  techniques. 

2. The techniques  of  spask  cutting germanium have made the   fabr ica t ion  

of   the  annul i  feasible . 
3. The annular  drifted  region  has  been shown t o  be  uniform and depths 

calculated from capacitance measurements  and  copper s t a in ing   a r e   t he re fo re  

r e l i a b l e .  

4. In t r ins ic   e f f ic iency   da ta   for   the   de tec tor   used   wi th   the  photons 

incident   a long  the symmetry axis have  been  tabulated and can  be  used on a l l  

such  detectors  without  ambiguity. 
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APPENDIX 

CHARGE DISfcRIBuIpION. PRODUCED EX LEAKAGE CUFXENT 

1. Planar Case 
* 

I n   t h e   i n t r i n s i c  zone  of the  n-i-p  semiconductor  there is  a space  charge 

being  generated  continuously  by  exciting  electrons  from  the  valence band i n t o  

the  conduction  band. The presence  of  acceptor sites (from  gallium  doping)  and 

donor sites (l i thium  ions) enhances the  generation  of a space  charge,  but  in 

l i th ium  dr i f ted   s t ruc ture   the   s teady  state compensation i s  complete enough so 

t h a t   t h i s  is  a minor contribution. The bulk-generated  charge, s o  cal led  be-  

cause it i s  produced uniformly  throughout  the  intrinsic  region, is  dependent 

on the  crystal   temperature .  

As t h e  drift process i s  carr ied  out  a t  elevated  temperatures (47OC i n  

this   experiment)   with  an  appl ied  f ie ld   of  more than 750 V/crn, the  bulk-generated 

space chaxge is  observed as a current.  Holes and electrons are crea ted   in  

equal numbers i n   t h e   i n t r i n s i c  zone s o  tha t   the   c rys ta l   remains   neut ra l  and 

t h e  measured current  is due t o   t h e  motion of bo th   these   car r ie rs .  

I n   t h e  material used   fo r   d r i f t i ng ,   t he   i n t e rac t ion  of the  hole  and elec- 

t ron  currents  is  negl ig ib le  so t h a t   t h e  two currents  can be examined sepxately, 

t h e   t o t a l   e f f e c t   b e i n g  due t o  a superposit ion  of  the two. 

For t he   app l i ed   f i e ld  E, assumed t o  be uniform,  the  velocity v of   the 

electrons is  constant.  If we consider  an  element of  volume, d, moving with 

the   e lec t rons ,  it w i l l  have a l s o  a veloci ty ,   v .  

* 
The r e s u l t s  of t h i s   e f f e c t   f o r   t h e  planar case  axe  also  given  in  Reference (3). 
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We choose as a model, a deplet ion  region  of   total   depth,  w, divided  into 

equal  elements  each  element  being  designated as a depth D .  

As t he   o r ig in  of the  leakage  current is  bulk  generated,   each  stationary 

element of volume, length D is a generator of  charge a t  the   ra te   o f  g/sec-cm . 3 

We also  construct  elements of volume e q u a l   i n   s i z e   t o  D bu t   t rave l ing  

wi th   the  moving electrons (or holes,  as done below),  designated as "d" . 
An element,  d,  passing  through a fixed  element, D, will have a portion of i t s  

volume which overlaps  with D. During this   passage,  D w i l l  generate a quantity 

of  charge and t r a n s f e r  it t o  the moving frame,  d. The amount of charge  pro- 

duced by D and t r a n s f e r r e d   t o  d i s  a function of t h e  time of overlap and PO- 

p r t i o n a l   t o   t h e   o v e r l a p  volumes as denoted as f (t) . 
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As t h e  rate tha t   charge  i s  created is g (due to   e l ec t ron   ho le s ) ,   t he  

element  of  length d contains  charge of e i the r   s ign .  If the  elements are 

inf in i tes imal  as w e l l  as the  sources  (for  the  elements are really t h e i r  own 

sources) and we represent   the   dens i ty  as N ( ~ m - ~ ) ,  then 

d 

dx' m = g "  
V 

The t o t a l  charge i n  each  element is t h e  sum of a l l  chasges  between x' = 0 

and x' = x (v assumed constant)  

charge  density of electrons = 

Similar ly ,  

charge  density of holes = + 

where % and p are   the   mobi l i t i es  of e lectrons and holes   respect ively,  and 

w i s  the  width of the  depletion  zone. 

P 

For this   process  compensation i s  exact when 

or, when 
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The p o c e s s  is i l l u s t r a t e d   p a p h i c a l l y  below. 

f o r  

(q! =c.) 
x- 

(37) - germanium g 3 0 0 ~ ~ :  % = 3800, % = 1800 

2. Cylindrical  Radial Geometry 

In  order  to der ive   t he  chaxge d i s t r i b u t i o n  due t o  a c y l i n d r i c a l  radial 

co l lec t ing  field,  it must f irst  be demonstrated  that, for a r a d i a l   f i e l d   w i t h  

a charge  injection a t  any  radius,  the  charge  density is  constant as the  charge 

is  swept inward. 
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Given: Two chaxges a t  r and r and  an  element of area (volume extension 1 2 

is  t r i v i a l )  bounded by rl and r2. 

The i n i t i a l  chaxge dens i ty   i n   t he   a r ea  A is exact ly  

We w i l l  f ind   the   dens i ty  a t  any a r b i t r a r y  time later by calculat ing  the 

t r a v e r s a l  of rl and r t o  r and r ' respect ively.  2 1 2 

The po ten t i a l  and f i e l d  axe  given  by 
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The equations f o r  E and @ are zeroth  order,  i .e.,  they assume that   the   charge 

under consideration  does  not  perturb  the  applied  f ield.  Under the  influence 

of the  appl ied f ie ld  charges w i l l  move with veloc i ty  v = @ , or 

where C = 2 , and IJ is  the  mobil i ty  of the chaxge. v 
in2 

b 

or 

p =  -2pCt  +<: , / 

at t = 0, r = rl, therefore  C = rl , t 2  

and 

1 

So, the  dis tance  t raveled,  R1 = r - 1" i s  1 1' 
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We can now compute t h e  chaxge density at a time, t, later. 

2 
Final   Densi ty  = 

7 q c d  2- î ' 2) n 

L 

c*= t-,+ , 

c '=  +y" , 
and 

3 

So, t h e  chaxge densi ty  is independent  of  time and equal   to   the  value  given 

at t h e  time of i t s  i n j e c t i o n   i n t o   t h e   f i e l d .  

Now, we can  calculate  the  charge  density a t  any  radius, r ,  i n  a cy l indr i -  

ca l   de t ec to r  due t o  chaxge generation  only. The methods used i n   t h e  planax 

case are now applicable,   since  charge  density has been shown t o  remain un- 

d f e c t e d   b y   r a d i a l  geometry. 

We assume that  throughout  an  element of volume bounded  by t h e  domain of 

dr, the   ve loc i ty  is  given  by i ts  instantaneous  value  proport ional   to  - . To 

show t h e   v a l i d i t y  of t h i s  assumption, 

1 
r 
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Since 

I 

So the  charge  density a t  any .= __ J 5 !$ 
f =  b 

Note that th i s   so lu t ion  holds f o r  + or - charges  since,  except fo r  sign, 

v = - PC/, g ives   i den t i ca l   r e su l t s .  
+ 

However f o r  negative  charges,   the  total   charge  density a t  a given  radius, .- 



t o t a l  charge  density = (hole  density + electron  densi ty)  an.d charge is  

exact ly  compensated when the  sum is zero, i .e . ,  when, 

For a spec i f ic   case   l e% b = 3a 
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